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Abstract
The hydrology of a semiarid broadleaf forest in Dhofar (Oman) is investigated by
performing a field experiment and a modeling study. Based on the results of the
field experiment, the ecosystem in Dhofar is classified, for the first time, as a
seasonal deciduous cloud forest. Owing to the seasonal cloud cover, the soil storage
in this ecosystem is filled and emptied in such a fashion that allows trees to allocate
most of the water to transpiration by their relatively deep roots. In addition to
annual rainfall amounts of about 100 millimeters, more water is gained by trees
directly through interception of cloud droplets (horizontal precipitation). Through-
fall measured below the canopy is about twice the rainfall measured above the
canopy. Stemflow contributes about one third of the total water received by the soil.
Soil moisture observations are consistent with increased infiltration in proximity of
the tree trunks. Sap flow and meteorological observations indicate that
transpiration is suppressed during the wet season, which allows for deep infiltration
of the water received at the surface. This soil water storage supports transpiration
by the relatively deep-rooted trees for up to four month into the dry season. All
these factors combine to shape and enhance the water conserving nature of the
ecosystem, and to allow for tree dominance in an otherwise too dry environment.
A dynamical vegetation model is used to investigate tree- grass competition in
this arid region. The model simulations elucidate the role of clouds in reducing the
available energy for transpiration during the wet season. Without representing this
role in the model, the simulated soil water storage by the end of the wet season is
not enough to allow for tree survival and dominance. The same model is used to
investigate the role of the soil in controlling relative performance of trees and grass
in this ecosystem. A characteristic rooting depth that is optimal for tree growth is
identified, function of soil type and climate. This is the smallest depth at which
transpiration is maximized and all other water sinks such as surface runoff or
drainage are minimized. The optimal rooting depth is deeper when the evaporative
demand during the wet season is low, similar to conditions in Dhofar. Such
conditions improve competitiveness of trees in the model simulations. A horizontal
precipitation module is used to illustrate how the contribution of this process is
markedly reduced over grass as compared to trees. When the horizontal
precipitation module is coupled to the vegetation model, two stable states are
simulated by the model. Equilibrium vegetation simulated by the model starting
from forest (grass) initial conditions is dominated by trees (grass). Deforestation, in
the model, reduces soil water input and hence would tend to inhibit re-emergence of
trees as a dominant land cover. Implications of this feedback for the re-forestation
efforts in Dhofar are discussed. The results of this study should provide a solid basis
for sound environmental management of the ecosystem.
Thesis Supervisor: Elfatih A. B. Eltahir
Title: Professor of Civil and Environmental Engineering
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Chapter 1
Introduction
"... strategies to combat desertification [...] will be most effective, if
they are based on sound systematic observation and rigorous scientific
knowledge and if they are continuously re-evaluated
United Nations Convention to Combat Desertification (1994)
About one third of the earth's land surface is considered arid or semiarid. Although
dry, much of this area is used economically, with as much as two thirds used as
rangeland (Verstraete and Schwartz, 1991). Human development is closely related
to the exploitation of natural resources, like water, soil and use of ecosystems. The
pressure on ecosystems rises in parallel with population growth, wealth, and
demand for energy and food. The consequences for fragile arid and semi-arid
environments have in part been disastrous. Land conversion to range, farm or
industrial land has led to loss of soil fertility, depleted water resources, loss of
biodiversity or loss of the land to desertification. Clearly, to achieve sustainable
development both the needs of the people and the environment have to be
considered. In order to understand how those two goals can be met at the same time
in a certain setting, the needs of ecosystems, the needs of humans and consequently
the impact of humans to a vulnerable ecosystem must be assessed.
This research discusses a semiarid environment in the region of Dhofar in Oman,
where development and increased wealth have led to high pressure on the
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surrounding ecosystem, especially from browsing1 cattle (i.e. feeding on the leaves of
trees and shrubs). The increase of browsing had dramatic effects leading to
degradation and removal of the existing vegetation. This development has raised
the concerns in the local population that the degradation may lead to desertification
of the ecosystem. Therefore, efforts are under way to protect the ecosystem and to
reforest areas where vegetation was lost. However, these efforts are made difficult
due to two factors. First, no record is available on the original distribution of the
vegetation, and second, little information about the growth requirements -especially
water requirements- of the original vegetation is available. This work intends to
increase knowledge about the water availability and requirements of the forests of
Dhofar, as well as factors that facilitate tree growth in this environment. It aims at
providing decision makers with a knowledge base that helps making educated
decisions for forest management as well as for planning of future studies on the
forests.
In the following sections we first give an introduction to the geography of the
Dhofar region in Oman. We then comment on the connection between hydrologic
fluxes and plant development in arid and semiarid regions, and broadly summarize
the special hydrologic conditions in cloud forests and their distribution. The last
section gives an outline for the thesis.
1.1 The Geography of the Dhofar Forests
The ecosystem is a coastal cloud oasis, which is completely surrounded by desert.
Figure 1-1 shows a satellite image of the Arabian Peninsula, the area of interest
marked with a red circle. Visible within the red circle is the half moon shape of a
coastal mountain range. During the summer, moist air from the ocean pushes
against the mountains, resulting in intense cloud immersion. The clouds bring light
rainfall and create a moist and cool microenvironment, which allows for lush
vegetation and forest growth.
1 Browsing: livestock feeding on leafs of trees and shrubs, as opposed to grazing (feeding on
grass)
- 22 -
Figure 1-1: Satellite Image of the Arabian Peninsula. The region of interest is
circled in red; note the half moon shape of the coastal mountain range. Picture
provided by the SeaWiFS Project, NASA/Goddard Space Flight Center, and
ORBIMAGE, http://visibleearth.nasa.gov.
Location
The region of interest is the coastal plain of Salalah (Oman) and the surrounding
hills, called the Jabal al Quara. It is located at about 17 0 N and 54 0 E in the
Southern part of the Arabian Peninsula. The town of Salalah is located in a coastal
plain, called Salalah Plain. The plain faces the Indian Ocean to the South. It is
bordered by a mountain range of 800-1000m height, which encircles the city in a
80km long half moon shape and extends further along the coast for about 200km to
the West. The largest North-South extension of the plain is about 20km.
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Climate
The climate of this region is semiarid with a mean annual temperature of about
26 0 C in Salalah (elevation 20m) and 210C at Qairoon Hairiti (a climate station in
the Jabal al Quara at 880m elevation). Annual rainfall is 114mm in the plain
(climate station Salalah airport) and 252mm at Quairoon Hairiti.
Figure 1-2 shows the annual cycle of temperature and rainfall as measured in
Quairoon Hariti (1989-2001). The climate is seasonal with a wet season in summer
and predominantly dry conditions during the rest of the year. The temperature
curve shows a dip during the summer. This temporary decline is a result of the
persistent cloudiness during the three month khareef season. The precipitation in
spring and winter is a result of occasional strong rainfalls, which occur once every
few years, whereas the precipitation in summer is a result of seasonal and yearly
returning persistent drizzle rains, the khareef. Precipitation in the region is of four
different types (Brooks and Shen, 2000). Each type has different origin, frequency
and rainfall intensity:
(1) Tropical cyclones bring heavy rain to the region and occur from mid May to
December, once every few years.
(2) Cool air originating from the Northeast monsoon circulation brings
precipitation of low intensities a few times per year.
(3) Local strong convection cells may develop at any time of the year.
(4) Drizzle rain (khareef) occurs regularly during the wet summer season.
Of these rainfall sources the khareef is the most reliable one. The khareef season
lasts from mid June through mid September. Figure 1-3 depicts the climatic
situation during the khareef. Southerly winds from the ocean bring moist air to the
plain that is blocked by the Jabal al Quara mountain range. Consequently, the air is
pushed up against the mountains, cools adiabatically and saturates, resulting in
cloud immersion and persistent drizzle at the windward facing mountain slopes. As
a result, these mountain ranges are covered with lush vegetation and seasonal
forests, which are in leaf during the wet khareef season. Figure 1-4 shows typical
cloud immersed vegetation during the khareef and the same area after the end of the
growing season and leaf shed.
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Figure 1-2: Annual cycle of temperature and precipitation for Quairoon Hairiti (at
about 880m elevation), a station within the Jabal al Quara.
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Figure 1-3: Scheme of the situation in the Dhofar plane during khareef on a
North-South cut through the Jabal al Quara. The distance between the left and
right corner of the profile is about 20-40km depending on the location.
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Figure 1-4: Typical deciduous forest in Dhofar (a) cloud immersed during the khareef
end of July 2003 (b) after the leaf shed end of December 2003. Photographs by Anke
Hildebrandt (a) and Mahaad Shamas (b).
The area is located in a zone of large-scale subsidence in the upper atmosphere,
leading to persistent stable conditions. Thus, the temperature profile is subject to a
temperature inversion, which in summer is located at about 850mb (1000-1500m)
(Abdul-Wahab, 2003). Since rising air parcels cannot penetrate the inversion layer,
the inversion layer defines the upper cloud limit. Along the inversion the clouds
extend backward towards the South, away from the mountain range and lead to
cloudy skies and drizzle above the coastal plain. However, the coastal plain receives
less rain than the mountains.
Vegetation
The region around Salalah is surrounded by the world's largest sand desert, Rub
al'Khali or the Empty Quarter. However, with the help of the cloud cover lush,
species rich vegetation thrives. Overall, this ecosystem supports more than 750
terrestrial plant species, of which about 50 are endemic (Miller and Morris, 1988).
Cloudiness in the mountains varies with elevation and according to the exposure
of the slopes to the wind from the sea. Therefore, various distinct ecosystems
developed within a small area in the coastal plain and the mountains. The
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Figure 1-5: (modified from Morris and Miller, 1988, p xii). Distribution of
vegetation types along the elevation gradient from the coastal plain (A) through the
the Jabal al Quara to the desert (B). The vegetation is described in Table 1-2. (1)
coastal plain; (2) - foothills; (3) - seaward facing slopes, (4) seaward facing plain; (5)
dry plateau.
Table 1-1: Vegetation distribution along a N-S transect through the Jabal al Quarra
shown in Figure 1-5.
# Location Kha reef Vegetation
climate
1 coastal plain cloudy, no fog desert with grassland (summer only) and
light drizzle drought resistant shrubs
2 Foothills cloudy, rarely formerly covered with woodland, deforested,
fog immersed, now occasional evergreen trees, and drought
drizzle resistant shrubs
3 seaward persistently fog clusters of broadleaf drought deciduous
facing slopes immersed, bush-lands and forests (mainly anogeissus
drzl dhofarica): with herbaceous sub-layer, and
some acacia , heavily degraded
4 seaward persistently single standing trees, mostly of the ficus
facing plain family (evergreen, broadleaf) and succulents
fog mmered, surrounded by grassland
drizzle
5 dry plateau light cloud cover, dry dwarf shrub-land
no fog, no rain
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distribution of those zones varies with cloud exposure. Figure 1-5 and Table 1-1
summarize the distribution of the ecological zones along a transect through the
Jabal al Quara according to Miller and Morris (1988). The coastal plain is covered
with xeric vegetation, grassland and some evergreen shrubs. When moving up along
the steep mountain slopes more and more shrubs and trees appear; they than form
clusters and forests of varying canopy height. Although, the woody plants are of
both deciduous and evergreen phenology, deciduous types dominate. Finally, the
slopes become less steep and open to high plains, populated by single standing
evergreen trees (mostly of the ficus family) surrounded by grassland. When moving
away from the high plains, which still receive much cloud and drizzle during the
khareef, to the plateau behind the mountain crests, the vegetation again becomes
xeric and scarce and finally opens to the sand desert.
The focus of this work will be on the broadleaf deciduous tree cover on the
foothills and the seaward facing mountain slopes where dense fog prevails during
the khareef. These are the areas with potentially the densest vegetation and which
have been affected most by over-browsing and land degradation. The predominant
tree species in those areas is anogeissus dhofarica, a broadleaf drought deciduous
tree species, which is endemic to the area. Its appearance ranges from low shrubs
with canopy gaps to clusters and forests with tress heights of up to 7-8m and closed
canopy and a thick herbaceous sub layer.
Forest Use and Degradation
The history of population and sustainable exploration of the coastal plain and
mountains of Dhofar goes back thousands of years (Miller and Morris, 1988).
Traditionally, the forests have served as a source of food, fuel, fodder, and medical
substances (Miller and Morris, 1988). Animal browsing, in particular, was and is
one of the main uses for the forest. Because the prosperity of the people has
substantially improved during the last three decades, the population of cattle has
also increased dramatically. Under the pressure of increased browsing, mainly from
camels, the once contiguous forest is now degraded and fragmented (Ghanim Al
Mahri, Salim Al Ash, August 2002, July 2003, personal communication). In recent
years, awareness of the degradation of the forest has increased and efforts are being
made for protection and re-forestation. However, there is little published
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information about the original extent of the forest or shrub-land and no knowledge
about the factors that determine its distribution. This research will help to gain
insight into the factors that control and limit plant growth in this region.
1.2 The Vegetation Paradox in Dhofar
Although Dhofar has a distinct wet season, the climate is still dry overall, and water
is the dominant limiting factor for plant survival. This section is intended to remind
the reader of some aspects of plant survival under water limiting conditions. This is
done because most of the research in this thesis will deal with understanding a
paradox we found during our investigations of the ecohydrology in Dhofar:
According to climate-vegetation charts, like the one indicated in Bonan (2002, Figure
1-6), we expect annual precipitation for forest to be around 1000mm. The climate in
Quiroon Hairiti however has only measured a quarter of this amount. The
presented research makes an effort to explain how trees survive in the Jabal al
Quara nevertheless.
Use of water and carbon (i.e. net primary productivity) by plants is strongly
linked. In order to uptake C02 from the atmosphere for photosynthesis, plants need
to keep their leaf stomata open. Since the inside of the stomata is moist, the plant
inevitably loses water as soon as the stomata open. In order to avoid losing leaf
tugor (pressure within the leaf) and thus the functionality of the leaf, the plant is
forced to close the stomata when water supply to the leaf is limited. By doing so the
plant cuts its C02 supply off, and sunlight cannot be transformed into internal
energy. Therefore water loss (i.e. transpiration) and carbon gain are strongly
coupled, and as a result, availability of water is one of the major determining factors
for the net primary productivity of an ecosystem. Net primary productivity depends
also on a number of other factors including, temperature, seasonality of the climate,
soil type, and availability of nutrients.
In broad terms, the vegetation structure is related to net primary productivity
(Figure 1-7) and can therefore be related to water availability, such as shown in
Figure 1-8 (both from Lieth and Whittaker (1975)). As the climate becomes drier the
upper (tree) canopy opens more and more and gives way to lower canopy woody and
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Figure 1-6: (from Bonan, 2002, p 400) Generalized relationships among major
plant formations, mean annual temperature, and annual precipitation. Adapted
from Whittaker (1975, p. 167).
herbaceous plants until it disappears altogether. From these observations
vegetation-climate charts were developed, such as the one by Bonan (2002),
reproduced in Figure 1-6. We have included the situation in Dhofar with a red
circle. Clearly, judging from this figure we do not expect to find tree vegetation in
Dhofar - but we do. Another climate chart (Figure 1-9, from Huggert, 1995) relates
the length of the dry season to the total available water during the year for two
different areas, Cuba and India. The wet season in Dhofar is three months long.
According to these charts we would expect evergreen dry thorn forest, given an
annual precipitation of 250mm, not a deciduous forest.
In summary, vegetation-climate charts indicate that the tall tree vegetation
found in Dhofar is not expected. In order to understand the impact of land
degradation, determine areas suitable for reforestation and judge the danger for
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Figure 1-7: (from Lieth and Whittaker, 1975, p 227). Average annual net primary
productivity (dry matter) in various tropical ecosystems. * - mean (or individual
value); - range; and o standard error of the mean.
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Figure 1-8: (from Lieth and Whittaker, 1975, p 287). Trends in stratal
productivity along moisture gradients. o tree stratum; o shrub stratum; A herb
stratum; all values dry matter above ground. Weighted-average indices or relative
position of samples along moisture gradient are indicated on horizontal axis.
Top: Great Smoky Mountains, Tennessee, Cove forests (mesic) through oak forest
to pine heath (xeric) Note: Values for herb stratum values are multiplied by 10 to
show these on the same scale. Data of Whittaker (1966).
Bottom: Santa Catalina Mountains, Arizona. High-elevation fir forest (mesic)
through pine forest, woodlands, and desert grassland to Sonoran semi-desert (xeric).
Note: Values for both shrub and herb strata were multiplied by 10, the arborescent
shrubs and small trees of the semi-desert have been treated as shrubs.) Data of
Whittaker and Niering (1975).
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- 33 -
(b)
Rain forests
f
Seasonal evergreen forests
' I U Semi-deciduous forests
00
00 00 0 0 Dry evergreen and thorn forests
00 0 0 , - S eri-desert scrubs
0
n .
4,000 - (a)
- - - - - - -
- 3
complete desertification we first need learn more about the factors that limit and
enhance natural tree survival in Dhofar.
1.3 Cloud Forest Hydrology
One of the unique features of the khareef season is the complete immersion of the
mountain ranges in clouds. The phenomenon is so famous, within and beyond the
borders of Oman, that it attracts visitors from around the Arabian Peninsula.
Cloud immersion in ecosystems is common elsewhere, mainly in the tropics. Such
ecosystems are called cloud forests. The following subsection therefore summarizes
the main hydrological features of cloud forests.
Cloud forests occur in a variety of elevation and climates, and consequently have
different ecological characteristics. However, they all share the same feature of
regular cloud immersion. The most well known cloud forests are those located on
wet tropical mountain ranges; a famous example is the Monte Verde cloud forest in
Costa Rica. These forests are commonly located in elevation above the zone of
montane rainforest and within the zone where clouds form. Cloud forests thrive
within a belt of cloud cover, whose elevation depends on location factors like distance
from the sea, latitude and sea surface temperature. Tropical cloud forest ecosystems
are characterized by an astounding biodiversity and endemism (Bruijnzeel and
Hamilton, 2000, Foster, 2001). Because of the high humidity and water availability
from the atmosphere, tropical cloud forest canopies are densely and diversely
vegetated with mosses, lichens, and epiphytes (bromeliads and orchids).
The cloud cover supports a moist, cool and low irradiance climate within the
forests. Irradiance during cloudy conditions is estimated to be only about 10-50%
compared to a sunny day (Bruijnzeel and Venklaas, 1998). At the same time the air
is frequently saturated. Therefore, potential evaporation and transpiration are both
low, with rough estimates of about 300-400mm/year potential evaporation and 250-
310mm/year transpiration estimated from four different sites (Bruijnzeel and
Proctor, 1995). Although these numbers represent values from a few short time
investigations, they give a rough idea of the low water use of cloud forests. At the
same time most cloud forests are located in areas with high annual rainfall (greater
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than 2000mm). Besides rainfall, water in cloud forests is also gained from a process
called horizontal precipitation. In horizontal precipitation, canopies collect cloud
water on their leafs. As clouds move through the tree canopies, cloud droplets settle
on the leaves and the collected water drips to the ground. This process can lead to
situations where more water is available below the canopy than above.
Summarizing, most investigated cloud forests are marked by high rainfall, low
water use and, in addition, they receive water from cloud stripping. It would be
tempting to conclude that generally in cloud forests water is plentiful, and lack of
water does not play a role in those ecosystems. But, this is not true for all cloud
forests.
Although rarely mentioned, cloud ecosystems do occur in drier areas, and in
those cases researchers often emphasize that the cloud cover is probably the reason
for vegetation survival in an otherwise too arid environment. Examples are a
montane dry forest in Hawaii with 500mm annual rainfall at 110C annual average
temperature (Juvik and Nullet, 1995), rainforests in Australia and Africa, which
both showed vegetation features characteristic for moister conditions in isolated
areas where clouds were prevalent (Hursh and Pereira, 1957, Ellis, 1971, Hutley et
al., 1997). More recently, the importance of fog for forest survival has been
investigated in a seasonal rain forest in China (Liu et al., 2005). In Hawaii and
Australia, the cloud cover was shown to decrease transpiration and provide
additional water through horizontal precipitation, which enabled evergreen
vegetation growth, despite the presence of a dry season (Juvik and Nullet, 1995,
Hutley et al. 1997). Moreover, cloud cover was assumed to contribute to leaf wetness
and therefore early saturation of interception storage, which would allow for
throughfall at very low rainfall intensities (Juvik and Nullet, 1995).
Clearly, the forests in Dhofar do not show the same ecological features as most of
the described cloud forests. For example, no epiphytes are found in Dhofar, since
the dry season does not allow for the survival of those rootless canopy plants.
Nevertheless, the cloud cover may play an important role for the survival of the
ecosystem and for explaining the vegetation-rainfall paradox described above.
Therefore, a great deal of the research reported here is devoted to investigating the
role of cloud cover for the forest survival in Dhofar.
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1.4 Outline
The thesis is divided into two main parts. The first part is concerned with a field
experiment conducted in the Jabal al Quarra within a forest patch. The second part
is dedicated to modeling.
Part I is composed of two chapters. Chapter 2 explains the setup of the field
experiment, the data gathered, how they were analyzed and which variables were
derived. Chapter 3 presents the results of the field study. These results present for
the first time estimates of available water within the Dhofar forest and the seasonal
cycle of water fluxes in and out of the ecosystem. It also explains how the forest
depends in multiple ways on the presence of the cloud cover during the khareef and
why it is therefore a seasonal cloud forest.
Part II is composed of four chapters. Chapter 4 introduces IBIS (Foley et al.,
1996), the model used for the numerical experiments conducted in the subsequent
chapters. The model was also modified with regard to the re-presentation of root
water uptake, and those changes are explained. Chapter 5 shows that IBIS is able
to simulate the deciduous tree vegetation and observed hydrology in Dhofar, when
forced with observed meteorological input. It also shows that the cloud cover plays
an important role in tree survival by decreasing net radiation during the khareef
season and prolonging the growing season for trees. When the radiance during the
khareef is changed to "sunny" conditions, the growing season is substantially
shortened and tree vegetation is replaced with grasses. Chapter 6 investigates the
dependence of tree survival on available rooting depth, and shows that at a
characteristic rooting depth tree performance is maximized. This is the depth at
which transpiration is maximized and all other losses minimized. The characteristic
depth depends on the climate and soil type. Finally, Chapter 7 introduces an
additional module for IBIS that allows for modeling of horizontal precipitation. This
chapter reports the results of a study on the role of horizontal precipitation in cloud
forest survival. With the coupled model, we test the hypothesis that horizontal
precipitation over grassland is not sufficient to allow for tree emergence. We
demonstrate that (for most assumed cloud properties) equilibrium vegetation
emerging from grass cover is dominated by grass cover, whereas under the same
conditions equilibrium vegetation emerging from forests is dominated by forest. We
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therefore conclude that tree reemergence from grassland may be substantially
inhibited in Dhofar. Conclusions and recommendations for forest management and
future work are discussed in Chapter 8.
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FIELD EXPERIMENT
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Chapter 2
2.1 Introduction
One of the main purposes of this work is to improve our understanding of the
hydrology and in particular the water balance of an established cloud forest in the
Dhofar Mountains. Previous fieldwork in Dhofar had involved rainfall
measurements, but no knowledge was available on other hydrological variables. For
example, at the beginning of this work, no information on soil moisture, radiation or
evapotranspiration within the Dhofar forests was available. Also, while estimates
for horizontal precipitation had been made using artificial vegetation, capturing
devices and single standing trees, no measurements within the characteristic
vegetation of the Dhofar forests had yet been conducted. Consequently, the total
precipitation was unknown. Naturally, in order to understand impacts of
deforestation, it is first necessary to gain insight into hydrology of the undisturbed
system. A field experiment was therefore set up in a pristine forest patch. The
instrumentation was chosen such that it will allow for a qualitative and quantitative
description of the water fluxes in and out of the forest. Furthermore, a climate
station will deliver input data for the modeling study conducted in part II of this
thesis. We measured meteorological data, as well as throughfall, stemflow, soil
moisture and transpiration.
The following chapter first gives some information about the experimental site,
then describes the instrumentation and measurements performed. Finally the
processing of the data is described.
2.2 Site Properties
The field experiment was set up in the Dhofar Mountains, in a forest patch at about
17.12 0 N, 54.6 0 E approximately 450m above sea level and 20km away from the coast.
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Figure 2-1 shows a picture of the site. Since the site it located near the village called
Gogub, it will be referred to in the rest of this work by this name. The site itself is
sloped between 0-100 southward (1700 from North), which is also the prevailing
wind direction during the monsoon season. The vegetation is a mono-stand of
annogeissus dhofarica, a perennial broad- leaved drought deciduous tree, which is
endemic to this region (Miller and Morris, 1988). It has been reported that trees put
on leaves just before the first rains (Miller and Morris, 1988) and loose them during
the dry season. Our personal observation is that the first rains trigger leaf-flush
and leaves are shed in December; this is three month into the dry season (personal
observation, communication Mansoor Amerjeed, Mahaad Shamas, Ghanim Al
Mahari, 2003/ 2004). The under-story is composed of annual herbs and grasses. The
height of the upper canopy is about 6.5m. The lower canopy reaches heights of up to
0.5m during the monsoon season and dies back to bare ground after the end of the
Figure 2-1: Field site of Gogub. The deciduous anogeissus dhofarica trees
surrounds the tower with mounted meteorological sensors at 9m height.
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monsoon on open sites and approximately a month before trees loose leaves within
the forest patches. The fetch of the site is estimated between 60m down slope
(South), 30m upslope (North), and 20m to the East and West.
2.3 Methods
The site is equipped with sensors for meteorological measurements, as well as
measurements of stemflow and throughfall, soil moisture and sapflow. A sketch of
the measurement setup can be found in Figure 2-2 and a summary of the performed
measurements and frequency of sampling is given in Table 2-1.
2.3.1 Meteorological measurements
A set of four through-fall gauges was installed below the trees. Temperature and
relative humidity (HMP45C, Vaisala, Inc., Woburn (MA), USA), incoming short-
wave radiation (LI200x, Li-Cor, Inc, Lincoln (NE), USA), wind direction and wind
speed (03001-5 Wind Sentry Set, R.M. Young Company, Traverse City (Mi), USA)
were measured every 30s and averaged over 15min periods. The sensors for the
meteorological measurements are mounted at 2.5m (wind speed/direction, incoming
short-wave radiation, rain) and 2m (relative humidity/temperature) above the
canopy top (at 8.5 and 9m above ground respectively). Rainfall (TE525, Texas
Electronics Inc., Dallas (TX) USA) was aggregated over 15min periods. The
measurements were controlled and the data stored by a data logger, CR10x
(Campbell Scientific, Logan (UT), USA, powered by 12V deep cycle battery). The
data were collected weekly by the local staff of the ministry using a storage module
(SM4M, Campbell Scientific, Logan (UT), USA) and downloaded to a computer.
2.3.2 Throughfall
Throughfall was measured using two techniques: (a) throughfall from four tipping
bucket rain gauges (same as rainfall and connected to a SDM-SW8A Switch Closure
Module, Campbell Scientific, Logan (UT), USA), which were installed at random
points below the canopy, and (b) throughfall from an inclined sheet, which was
spanned below the canopy. The angle of the sheet was chosen such that water would
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Figure 2-2: Overview over the measurements conducted on the experimental site
in Gogub.
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Table 2-1: Summary of conducted measurements, and sampling frequency.
Number
Type of measurements of Data collection
sensors
2m above canopy
rainfall 1 Automatic, summed over last 15min
temperature
relative humidity
windspeeldiectin 1 automatic, sampled every 30s averagedwind speed/direction 1 over last 15min
incoming shortwave
radiation (400-1100nm)
Below canopy
2 (2003) automatic, one sample every 2min, 20min
sap flow 1 (2004) heating, 20min break
throughfall 4 (2003).S(2004) automatic, summed over last 15min
1 (2004)
Distance to Maximum
next tree sample depth
perm 1.Om 0.6m
p4 1.2m 0.4m
p6 1.7m 0.5m
soil moisture permanent 4 p7 3.5m 0.6m
one sample every 0.1m.
perm: automatic measurement, sampled
every 2 hours
p4, p6,p7: sampled manually every 1-2
weeks.
3 3 manual (40, 50, 60cm max. sampling
soil moisture manual depth), about sampled at every field visit
one measurement every 10cm depth
stem flow 6 manually sampled at every field visit
surface runoff 1 manually sampled at every field visit
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readily flow towards the lowest point of the sheet, where it was gathered by a
tipping bucket rain gauge (same as rainfall). The number of tips was normalized
according to the size of the sheet to yield throughfall in mm. The size of the sheet
was 1.8m x 2.4m. In both cases the measurements were aggregated over 15min
periods. Both methods applied here have been used in the past to estimate
throughfall (Crockford and Richardson, 2000). Comparison of the data gathered
using the different methods will serve as a verification for the measurement.
2.3.3 Stem Flow
Stem flow was measured using collar type flanges slung around 6 stems of various
sizes. Collar type gauges have been successfully used to measure water running
down the stem (Levia and Frost, 2003). The collar is a PVC water hose, with
overlaying ends glued together using superglue. In order to ensure that water does
not pass between collar and stem, the edge of the collar is lined with silicone. A PVC
tube leads from the collar to the collection container, which had a volume of 6 liters
in 2003 and 22 liters in 2004. The collected amount is measured at every field visit
(about once per week in 2003 and every 2-5 days in 2004).
2.3.4 Soil moisture
Soil moisture was measured using capacitance probes (C-probes) manufactured by
Sentek Pty Ltd (Australia) at four locations around the tower. One profile was
sampled automatically by the datalogger (CR10x, Campbell Scientific, Logan, USA)
with one measurement entry every two hours. The other three locations were
sampled manually during field visits (about once per week). The automatic
measurement was done with an enviroSMART probe (Sentek Pty Ltd, Stepney,
Australia) composed of a stack of six individual capacitance sensors that are
permanently installed in a plastic access tube at depths of 5cm to 65cm spaced by
10cm. The manual measurements were made using a mobile sensor (Diviner,
Sentek Pty Ltd, Stepney, Australia) that was moved up and down in an empty
access tube. The mobile sensor was equipped with a mobile datalogger, which
controls the probing such that the measurements were taken exactly at the same
depth each time the access tube is re-visited. The maximum measurement depth of
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the three access tubes was 40, 50 and 60cm. The depth increment between
measurements was 10cm.
For its in-expensive design and flexibility the C-probe was chosen above
commonly used TDR probes for the application in the remote field site in Dhofar.
The automatic C-probe used here consists of a stack of sensors installed in a single
plastic access tube. Although the C-probe performance is comparable to TDR, if
properly calibrated and installed (George, 1999, Cepuder, P, 2003), TDR is generally
considered to be the more robust system (George, 1999). However, TDR
measurements are more expensive in labor and equipment than C-probes, and their
use was therefore impractical at the remote site of Gogub.
The C-probe measurement is based on the fact that the dielectric constant of the
soil depends mainly on its water content. Commercially available C-probes are
made of two metal rings inserted vertically in a plastic access tube. An
electromagnetic field is created between the rings, which extends into the soil
surrounding the plastic tube, thus forming a capacitor including the soil on its
fringe. The capacitance is measured through the frequency with which this
capacitor responds to an oscillating excitation. The measured frequency reading
changes as a function of soil water content, with 90% of the contribution originating
from the surrounding soil up to 5cm away, and 95% contribution from the
surrounding 10cm (Platineanu and Starr, 1997). The limited measurement radius
has the advantage that measurements can be made with high spatial resolution, but
it also has the disadvantage that the measurement is very sensitive to cavities
around the access tube, which are easily created during the installation. Therefore,
the challenge is to install the access tube with a tight connection between the tube
and soil. If unsuccessful, installation invites substantial measurement errors
(Platineanu and Starr, 1997). Regardless of this weakness, C-probes are a robust
tool for tracking waterfronts and comparing soil water content at a certain location
over time (Tomer and Anderson, 1995, George, 1999). The system has been used
successfully in irrigation management (Fares and Alva, 1999, Fares, 2000) and to
observe plant water use at different soil depths (Brooks et al., 2002).
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2.3.5 Sapflow
Sap flow was measured using the heat dissipation method first proposed by Granier
(1985, 1987). According to Granier (1987), the measurements were taken using two
needles, which were inserted in the stem. The upper needle was heated at a
constant rate; the measurement at the lower needle served as the reference for the
background temperature of the sap. The temperature difference between the upper
and the lower needle is an indication of the heat dissipation, which Granier (1987)
related empirically to the sap flow velocity around the needle.
In this study, pairs of 3cm long needles were inserted into predrilled holes in a
trunk one above the other, approximately 10cm apart. The upper needle is heated
using a constant voltage supply set to provide 1.7 W to the heater coils in each of the
sensors. Usually, such systems are equipped with a constant current supply, since
the heating of the coils depends on the supplied current and not voltage. The heater
coil changes resistance as a function of temperature (increasing resistance with
increasing temperature). Thus, since resistance = voltage/current the supply of a
constant voltage leads to a drop in current that is supplied to the heater coil as this
one heats up. However, a constant current supply was not available, such that a
constant voltage circuit was used as an alternative. The drop of current was tested
with an experiment for maximum heating of the coil (i.e. in still air) and the change
was found to be less than 5%, and therefore negligible.
Both needles were equipped with a Copper-Constantan thermocouple, which
returned a voltage signal to the data-logger. Heating of the upper needles is
discontinuous with a 20min long heating cycle and 20min pause between each
heating period. The voltage difference was recorded every two minutes. Both
control of the heating schedule and data storage was done by the data-logger
(CR10x). In this study we used two sapflow sensors installed at about breast height
on two different trees, with 7.5 cm and 21cm diameter at breast height (DBH)
respectively. Both sensors point towards east. The sensor in the smaller tree was
introduced only to 1.5cm, in the thicker tree to 3cm, the metal ends of the needles
looking out of the trees were coated with silicone in order to avoid cooling by water
running down the tree. The trunks were covered with a plastic sheet in 2004 in
- 48 -
order to avoid differential heating of the stem and moistening of the sensors. Only
one of the sensors was covered in 2003.
2.4 Data Analysis
2.4.1 Time Frame of Measurements and Missing Data
The measurements started on August 3 2003, shortly after khareef started. The last
day of the data presented in this work is December 13 2004. The dataset covers two
growing seasons.
The most common reason for data loss was related to problems of data
overwriting when the datalogger memory was exhausted and to transmission
between the data logger and the storage module. Broken signal cables were the
second important reason for missing values in the record. Instrumental failure did
not occur. Only one instrument (relative humidity) delivered unreasonable values
during times of intense cloud immersion, all other instruments worked reliably.
The memory of the datalogger allows for about ten days of data storage. The
collected data was usually downloaded from the datalogger every week. However,
when the field site could not be visited within this interval the datalogger memory
got exhausted and old data were overwritten and therefore lost. Also the
transmission of data from the datalogger to the storage module was sometimes
corrupt, leading to incomplete submission of data and therefore data loss. This
occurred during five periods of 3 - 14 days length.
The contact cables between sap flow sensors and datalogger are fragile, and broke
repeatedly, which led to periods of missing data throughout the record. In 2004 the
signal cables between throughfall gauges and datalogger broke and were not
repaired, since the problem was detected late. Therefore during 2004 the datalogger
only recorded data from a single throughfall gauge. Throughfall from this gauge
was used to approximate actual throughfall using a regression curve (Equation 2.19)
from observed data in 2003.
Relative humidity was occasionally measured with values above 100%, but most
of the time within the indicated measurement error of 3%. Such excursions occurred
on about ten non-consecutive days in 2004. Rarely and under exceptionally moist
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conditions from surrounding fog, the measured value was up to 140% for some time
steps. Since excursions above 100% relative humidity occurred only under
circumstances when fog prevailed, the relative humidity was assumed to be 99.7%, a
value, which reflects the moist conditions and which is on the upper spectrum of
observed values during times when throughfall occurred.
Stem flow container content was checked at every field visit. The volume of the
collection container was 6 liters in 2003 and during the first days of the monsoon in
2004. The buckets overflowed chronically between field visits in 2003 and they were
exchanged in 2004 for larger ones with a volume of 22 litres. After the change,
overflow did still, but less commonly occur in 2004, even with the larger collectors
and more frequent field visits.
Occasionally a sensor would not give a signal for one time step for no apparent
reason. In those cases the time step was filled using linear interpolation between
the neighboring measurements.
2.4.2 Potential Evaporation
In the following chapters we will use potential evaporation to express the
evaporative demand, i.e. the amount of water that could potentially be removed from
the surface under current weather conditions. We will use potential evaporation
investigate how transpiration measured with sap flow sensors responds to
evaporative demand over the course of the year.
The definition of potential evaporation, given by Brutsaert (1982, p 214) is:
"evaporation from a large uniform surface, which is sufficiently moist or wet so that
the air in contact with it is completely saturated." It is important to note that the
vegetation patch under consideration does not fulfill the requirement of a "large
area." Another restriction is that observed data will be used for the calculation of
potential evaporation. The canopy was not always completely wet when these data
were measured, however they will be applied as if the canopy had been wet. In
particular, the energy partitioning between sensible and latent heat flux depends
largely on water availability. Therefore measured temperatures would likely be
lower for a wet as compared to a dry canopy under otherwise similar conditions.
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Since the surface under consideration is vegetated, the common formula for
evapotranspiration (E) from a vegetation canopy after Penman-Monteith will be
used:
R.A + "'p (ea,(T) - e)
AE - (2.1)
r
A +y(l+--)
Where R0 is net radiation, A is the slope of the saturation vapor pressure versus
temperature curve, cp the specific heat of air, pa is the density of air, esat and e the
saturated and ambient vapor pressure at ambient temperature Ta, y is the
psychometric constant, and rc and ra are the stomatal and atmospheric resistances.
We assume that the canopy is completely wet so that rc-+O, which yields
RnA + (c; (esa(T)-e)
AEr_ (2.1a)A~r
The saturated vapor pressures of air (esat) is calculated from the Clausius-Clapeyron
relationship, with given measured air temperature i, as
4' 1 1
e,( )=61-e ! (2.2)
and consequently the actual vapor pressure (j) can be derived, using the measured
relative humidity (f):
= f -e,, (Ta) (2.3)
The net radiation (Rn) written in its components is
Rn =S(l-a)+Ld-L -G (2.4)
where S is the incoming shortwave radiation, a the albedo, G the ground heat flux,
Ld and L, the downward and upward longwave radiation respectively. Only the
shortwave radiation is directly measured at the field site in Gogub and the other
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fluxes have to be estimated. Since the ground heat flux is a small term compared to
the other parts of the energy balance, it will be neglected for the following
calculations. We estimated Rn according to the component approach as described
Burman and Borchert (1994). We predict a cloudiness parameter from the measured
shortwave radiation (see below Eg. 2.6) and weigh the estimates of clear sky and
surface longwave radiation accordingly. The estimated net radiation R, becomes
Rn = S(1- a)+ C,, (Ld,ear -L,), (2.5)
where Ccloud is the cloudiness parameter according to Weiss (1982, Eq. 2.7), Ld,clear the
estimated clear sky downward radiation (Eq. 2.8), and S is the measured incoming
shortwave radiation. The albedo (a) depends on vegetation type. Values for
deciduous broadleaf forest range around a = 0.2 (i.e. 0.15-0.25, Brutsaert, 1982, and
0.18-0.22, Bras, 1990). We therefore choose a = 0.2.
The upward surface longwave radiation is calculated as
L = (Ts 4 Es . . (2.6)
We are interested in the available energy at the canopy level, thus the surface
temperature (Ts, in K) is equivalent to the canopy temperature (Tc). Since canopy
temperature is not measured, we make the important assumption that the
temperature measured two meters above the canopy is a good estimate for canopy
temperature, thus T ~ Ta. The surface emissivity is assumed to es = 0.97 for
vegetated surfaces (Brutsaert, 1982).
The cloudiness factor Ccloud in Eq. 2.5 is defined in Weiss (1982, cited in Burman and
Pochop, 1994) and is calculated from the measured incoming shortwave radiation
and the theoretical radiation on top of the atmosphere
Cloud = (0.4+0.6 ' )", (2.7)S
where S and Sciear are the observed incoming shortwave radiation and theoretical
incoming shortwave radiation on a clear day (defined in Eq 2.14). Downward
longwave radiation is estimated using the formula
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LdIclear (ta ) Ea -a, (2.8)
where Ta is the observed air temperature (in K), and ea the atmospheric emissivity.
ea is estimated from Brutsaert (1982)
1/7
a = 1 .24 - ". , (2.9)
" Ta + T
and for Ccloud>0.7
ea = 0.97e.. (2.10)
The atmospheric resistance ra is calculated
In2(z d)
______zo (2.11)
a K2u
Since no measurements of the roughness of the surface or displacement height are
available, and they cannot be derived from the data, the roughness length will be
estimated as zo = 0.1 -h and displacement height to d=2/3-hc.
2.4.3 Cloudiness
The cloudiness is calculated from the observed incoming shortwave radiation S and
the theoretical incoming shortwave radiation on a clear day (Scear) according to the
approach by Henderson-Sellers et al. (1987)
S -s5
= clear (2.12)
Sclear
Sciear = t. - Sa (2.13)
where Sa is the incoming short wave radiation on top of the atmosphere and ta is the
transmissivity of the atmosphere under clear conditions. We assumed a constant
ta=0.75 and found that the resulting Sclear fit well with the maxima for measured
incoming short wave radiation throughout the measured period. Sa is calculated
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based on the solar altitude, here denoted as co, which depends on latitude, day of the
year and time of the day
S, = I -sin(co) (2.14)
where I is the solar constant (I = 1353W/M 2) and
sin(c0) = sin(S) sin(qp) + cos(S) cos(p) cos(r), (2.15)
where S is the solar declination (as a function of time of the year), $ the geographical
latitude and r the solar hour angle.
2.4.4 Sap flow
Sap flow measurements have been commonly used within the plant physiology
community to assess transpiration at the plant level (David et al. 1997, Meinzer et
al. 1999, Santiago et al. 2000). Recently sap flow measurements have also become
popular with hydrologists who are interested in interactions between plants and the
environment. Examples include studies of transpiration patterns within a forest
(Ewers et al. 2002, Fregoso, 2002) or in terrain, where measurement of transpiration
with micrometeorological measurements is difficult, such as at forest edges
(Giambelluca et al., 2001).
In the following work we will use sap flow velocities measured, instead of
attempting to infer to absolute values of transpiration flux. Sap flow velocity is
proportional to transpiration, however, with an unknown proportionality coefficient.
We use the raw velocity reading instead of the flux, because the upscaling from sap
velocity to plant and whole stand transpiration is a non-trivial task (Jiminez et al.
2000, Lu et al,. 2000, Meinzer et al., 2001) and requires elaborate instrumentation
that was not available for this study. However, sap velocity gives a good proxy for
the relative change of transpiration flux over time.
Granier (1985, 1987) proposed the following relationship between sap velocity (J,)
and heat dissipation
JU = K (2.16)
where 1 and 8 are calibration constants and K represents the relationship
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AT -AT
K = N,o N (2.17)
ATN
where AT refers to the temperature difference between the upper and the lower
needle and ATo to the temperature difference between upper and lower needle at
zero sap flow, i.e. when transpiration is zero.
The heating scheme in this experimental setup is intermittent (as opposed to
continuous) with 20min heating followed by 20min cooling. Do and Rocheteau
(2002) proposed an alternative calibration to the one presented in Eq. 2.16 and 2.17
for intermittent heating systems, assuming that the heat dissipation would not yet
have reached steady state at the end of a heating cycle. Close observation of raw
signal from the sap flow sensors indicates, however, that in our case the signal did
not change after 16min, and we therefore chose to use Graniers (1985) calibration
equation proposed for steady conditions.
2.4.5 Soil Moisture
The signal received from the C-probes is usually translated to volumetric soil water
content using a soil specific calibration equation. However, if the access tube is not
properly installed, i.e. when gaps exist between the tube and the soil, the calibration
equation is not valid anymore. This is because the air gaps around the access tube
become part of the capacitance measurement, whereas the calibration equation is
done for a capacitor that only includes soil. Those gaps did appear during the
installation of the access tubes in Gogub. The soil in Gogub is a fine material with
embedded large grains. When the access holes were augured, stones from the side of
the hole were impelled, which led to caveats between the soil and the access tube.
Thus the measurements made cannot be used to estimate absolute values of
volumetric soil water content directly. Therefore an alternative value SM* is defined
that helps to quantitatively estimate the change of water storage in the ground
without exact knowledge of the water content. SM* is a value that references the
measured data over the observed range as follows:
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SM* = " """ (2.18)
where SM* is defined here as a referenced soil saturation at a given tube and soil
depth, F is the observed frequency reading at time n, Fmax and Fmin are respectively
the maximum and minimum frequency reading observed during the whole
measurement campaign at a certain point. Figure 2-3 illustrates this concept.
SM* ranges between 0 and 1 encompassing the lowest and highest observed water
content respectively. Equation 2.17 implies a linear relationship between volumetric
soil water content and the frequency reading from the C-probe. The functional
relationship between scaled frequency and actual volumetric soil water content has
been fit with shapes of both linear and logarithmic functions. The assumption of a
logarithmic function usually led somewhat better correlation (Calibration Manual,
Sentek Pty Ltd, 2001). However, the potential calibration functions are only slightly
curved and close to a linear shape. Thus SM* will likely give a good representation
of the relative development of soil saturation. If the two known readings were
"completely dry" and "completely saturated", SM* would be a good proxy for the
actual soil saturation. It is very likely, that an SM* value of 0 is indeed associated
with soil saturation equal or close to zero. Prior to the onset of the monsoon in 2003
a test hole was augured, to a depth of 170cm. Despite a strong monsoon in 2003,
based on visual inspection the soil was dry at all depths. Therefore it can be
assumed that the soil dries out completely in-between wet seasons and that the
lowest frequency readings we made in spring 2004 reflect these dry conditions. On
the other hand, we have no information about the frequency readings associated
with the maximum (i.e. saturated) water content. Therefore, we do not know what
actual water content a value of SM* of 1 corresponds to. It may be saturation, but it
may also be a much lower value. Most importantly, SM*=1 may reflect different
volumetric water contents at different locations and depths. The measure SM* is
therefore strictly specific to a single location and given depth. It simply helps to
track soil moisture at a certain place as a function of time. Therefore SM* bears no
information about the actual soil water profile with depth or water movement in the
soil. However, SM* is a reliable indicator for the timing of wetting fronts and the
emptying of soil water storage.
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Figure 2-3: Illustration of the calculation of SM*. (left) the minimum (solid) and
maximum (dashed) observed scaled frequencies are plotted for the permanent C-
probes at 0.1m, 0.2m, 0.3m, 0.4m, 0.5m and 0.6m depth. The black curve is an
example of an actual scaled frequency observed, Fn-Fmin and Fmax-Fmin correspond to
Equation 2.18. (right) referenced soil moisture SM* corresponding to the black
curve on the left side.
Note: The apparent profile of SM* on the right side does not contain any information
about the distribution of volumetric water content with depth. For example,
although SM* is higher at 0.5m depth than at 0.6m depth, the absolute value of soil
volumetric water content may me be higher, lower or equal between 0.5m than at
0.6m depth.
2.4.6 Rainfall and Throughfall
The following section is concerned with the measurement of precipitation above and
below the canopy. The data derived in this chapter will be used to evaluate plant
available water.
Terminology
In cloud forests total precipitation is of a horizontal and a vertical component.
Consequently the water budget of the tree canopy can be written as follows:
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P he +Ph, =TF+SF+Ecanop, (2.19)
where Puert and Phz are vertical (rain) and horizontal precipitation respectively, TF is
through fall, SF is stemflow and Ecnopy is the evaporation from the wet canopy. We
have avoided the term Interception (1) on purpose here, since conventionally
Ecanopy=I, and also I = Rain - TF-SF. However, in a cloud forest these two equations
do not hold at the same time, because of horizontal precipitation. We therefore
choose to distinguish right from the start between Ecanopy on the one hand and the
difference between above and below canopy precipitation on the other. Furthermore
in the following precipitation and total precipitation will be used as equivalents.
When we refer to the partitions of precipitation (horizontal or vertical), it will be
explicitly stated. Vertical precipitation is used as an equivalent for rainfall, however
the term will be refined once more in Chapter 7. Horizontal precipitation refers to
the amount of water captured by the canopy from clouds.
Because it is complicated to measure horizontal precipitation as an individual
component, researchers often refer to net precipitation in a cloud forest (Bruijnzeel,
2001). Net precipitation is the amount of precipitation collected below the canopy,
and it accounts for the evaporation from the wet canopy as well as precipitation. In
the next paragraphs we show how the components of net precipitation (stemflow and
throughfall) were measured and computed. Rearranging Eq. 2.19, net precipitation
is expressed as
ne, = TF + SF = P,,t + P, - E.no,,. (2.19a)
Net Precipitation is the amount of water that is available for infiltration at the
forest surface, and therefore a good estimate of total available water.
Discussion on the Measurement of Horizontal Precipitation
In practice it is relatively complicated to measure the horizontal part of precipitation
(Bruijnzeel and Proctor, 1995). The only method for a direct measurement is the
eddy covariance technique (Gallagher et al., 1992, Vermeulen et al., 1997), which
cannot be used in the mountainous areas where cloud forests are usually located.
Another method for estimation of horizontal precipitation is measurement using fog
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collectors (Hunziger, 1997, Schemenauer and Cereceda, 1994). These are screens of
variable shapes that are positioned inside the fog, but shaded from rainfall. The
amount of water captured by these screens is related to the cloud properties, wind
speed and often wind direction (Gonzales, 2000). However, fog collectors have a
constant capturing efficiency that depends only on their shape. Therefore, cloud
collectors deliver a measure of cloudiness, or "potential" horizontal precipitation over
time, but they don't give information on the amount of water expected below a
natural canopy (which is itself a fog collector of a particular shape).
Although complicated, it is necessary to investigate the difference between
rainfall above and below the canopy, to get an estimate of how much additional
water to expect under a natural forest cover in Dhofar. The estimate is also needed
as input for the horizontal precipitation model developed in Chapter 7. The estimate
We can rearrange Eq. 2.19 once more such that
P, + Ecanopy =TF + SF - P,, . (2.19b)
In this equation the right hand side shows measured variables, and the variables on
the left hand side are unknown. It is important to note that although we expect
direct canopy evaporation to be negligible during humid conditions, it may play a
significant role, since precipitation intensities are equally small. In Chapter 3 we
will present values of potential evaporation during the monsoon season, which were
estimated to approximately 1.5-2 mm/day, which compares to about 2-10 mm/day of
measured throughfall. Nevertheless, for estimating horizontal precipitation we will
assume that direct canopy evaporation is zero and acknowledge that we
underestimate horizontal precipitation by doing so.
Another uncertainty in calculating horizontal precipitation is related to the
measurement of rainfall. In cloud forests in general it is hard to distinguish
between cloud horizontal precipitation and what is called "wind driven rain". Wind
driven rain is rainfall of such low intensities and made up of small droplet sizes that
it is chronically underestimated by conventional raingauges.
This is because the raingauge is an obstacle and creates locally high turbulence,
which deviates small droplets away from the opening of the gauge. Using a
numerical model for turbulence around a rainfall gauge of comparable shape as the
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one used here (Mk2 versus TE525) Nespor and Sevruk (1999) estimated an
undercatch of at least 12% at comparable wind speeds as in recorded in Gogub
(3m/s) and for orographic rainfall with comparatively high intensities of
0.4mm/hour. Their estimate of undercatch increases fast for smaller rainfall
intensities, which are also common in Gogub.
An orographic cloud, which is in an early formation state, would be characterized
by a wide cloud droplet spectrum, including both larger droplets that fall as drizzle
and smaller droplets that contribute to horizontal precipitation. The question that
we are ultimately interested in is: How much horizontal precipitation does the
forest capture in addition to the amount of water that falls gravitationally as rain,
regardless of the type of collecting body (for example, forest canopy vs bare ground).
We will address this question in more detail in Chapter 7, with a model for
horizontal precipitation that takes into account both vertical and turbulent settling
velocities depending on droplet size. For this model, it will be sufficient to have
evidence that the observed difference between rainfall and throughfall is the result
of horizontal precipitation, i.e. turbulent settling of droplets and not caused by
rainfall undercatch alone. We therefore included below a case study on two
precipitation events, which occurred under similar conditions and had similar
rainfall, but different throughfall.
In order to have confidence in the estimation of net precipitation, we are also
interested to know, if the throughfall measurement made capture spatial variability
under the tree canopy. This issue is investigated in the next paragraph.
Representation of spatial variability
The spatial representativeness of throughfall can be investigated by comparing the
measurements made with the throughfall gauges and with the plastic sheet. The
sheet has a large enough area (1.8 x 2.4m) to average out a great deal of spatial
variation in throughfall. The relationship between three hour accumulated
throughfall measurements from the sheet and measurements using four throughfall
gauges is plotted in Figure 2-4. The throughfall measurements using the two
different methods correlate well (r2= 0.93). Thus it can be concluded that the array
of randomly distributed gauges captures spatial variability well.
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Figure 2-4: Relation between the data obtained from two different methods for
throughfall measurement: Average from an array of 4 randomly distributed tipping
bucket rain gauges (x-axis), and from a plastic sheet with area 1.8m x 2.4m, with
outlet to a tipping bucket (y-axis). Presented are 3-hourly accumulated values. The
correlation coefficient is 0.93, and the slope on the regression curve is 1.03.
Case study on the difference between measured rainfall and throughfall
Since a tip of the tipping bucket under the plastic sheet is related to a much smaller
amount of throughfall than a tip of a throughfall gauge, the measurement using the
plastic sheet gives a higher time resolution for throughfall, and good insight into the
dynamic of a given precipitation event.
In Figure 2-5 the rainfall, throughfall from gauges and throughfall measured
with the plastic sheet are plotted for 15min intervals. The plot shows two distinct
precipitation events. During the event on September 6 2003 throughfall is
substantially higher than rainfall, during the event on September 7 the two
amounts were nearly the same, both events occurred at a similar rainfall rate and
accounted for the same amount of accumulated rainfall. Table 2-2 summarizes the
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Figure 2-5: Time series of measured rainfall and throughfall September 5 9pm to
September 8 midnight, 15min accumulated fluxes. Top - throughfall measured with
plastic sheet, middle- throughfall measured with array of 4 tipping bucket rain
gauges, bottom rainfall measured with tipping bucket rain gauge 2.5m above the
tree canopy.
Table 2-2: Throughfall (two different measurement methods) and rainfall
collected for precipitation events from September 1 through September 7.
Date Duration Throughfall Throughfall Rainfall
[h] Sheet [mm] Gauges [mm] [mm]
September 1 2003 -14 0.66 0.72 0.76
September 2 2003 -18 1.37 1.31 1.00
September 3 2003 -12 1.725 1.74 0.76
September 4 2003 -24 1.95 1.79 1.00
September 5 2003 -22 3.19 2.87 1.77
September 6 2003 -15 1.87 1.82 0.76
September 7 2003 -5 0.83 0.71 0.76
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total amounts of precipitation measured during each event with the different
methods. On September 7 the throughfall measured with an array of four randomly
distributed throughfall gauges was somewhat less (83%) and the measurement with
the sheet yielded a little more (109%) throughfall than rainfall. In the event on
September 6, throughfall from the sheet was much higher (242%) as well as
measured throughfall from the four tipping buckets (239%). Both events had the
same rainfall (0.76mm), and occurred at similar potential evaporation (accumulated
over the duration of the event 0.5mm) and wind speed (4m/s). Thus undercatch by
the raingauge and direct evaporation from the wet canopy should have been similar
for both events. Horizontal precipitation would be the obvious explanation for the
different throughfall measured. This is further supported by the observation that on
September 6 throughfall started five hours before the first rain gauge tip and lasted
another 4.5 hours after the last one. The throughfall during those last 4.5 hours
would have been enough to provide for another three tips of the rain tipping bucket.
Throughfall was much larger than rainfall and occurred over a much longer period
than the rainfall event. It seems safe to conclude that the perceived difference
between measured precipitation above and below the canopy on September 6 is a
result of horizontal precipitation and not of rainfall under-catch by the rain gauge.
Since the conditions observed during those two events are representative for khareef
climate, we will assume that the same conclusion holds for all other precipitation
events observed during the monsoon.
Estimation of throughfall for 2004
As mentioned earlier, in 2004 the signal from only one throughfall tipping bucket
(TF#5) was recorded by the data logger during the whole khareef. However, since
the location of the specific gauge was not changed between 2003 and 2004 the data
for 2003 can be used to derive a rule for the estimation of the actual average
throughfall in 2004.
The particular throughfall gauge, which worked in 2004, is one that tends to
underestimate throughfall compared to the average. Figure 2-6 shows the relation
between average throughfall and throughfall from gauge TF#5. The correlation
coefficient is 0.94 and the slope is 1.26. Therefore, during 2004 we estimated actual
throughfall (TF) from TF#5 (TF5) using the relation
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Figure 2-6: Relation between throughfall captured by throughfall gauge TF#5 (x-
axis) versus average throughfall from an array of 4 randomly distributed throughfall
gauges (y-axis), the slope of the regression curve is 1.26.
TF = 1.26 -TF. (2.20)
Estimation of rainfall for 2004
In the following paragraph we determine the relation between rainfall and
throughfall for the field site in Gogub. This procedure serves to (1) understand how
available water below the canopy relates to vertical rainfall, (2) gives an estimate of
rainfall in 2004. In 2004 the rainfall signal was not recorded through the data
logger as a result of a broken signal cable. However an estimate of rainfall for 2004
is needed for the horizontal precipitation model developed in Chapter 7. We will use
the derived relation to predict the rainfall fraction from throughfall measured in
2004.
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The two events described in the case study on the anatomy of throughfall events
above are part of an 8 day long time series where throughfall from both a plastic
sheet and throughfall gauges was measured simultaneously. The complete time
series for all 8 days is plotted in Figure 2-7. The lines in Figure 2-7 signify the
assumed beginning and end of an event for which the total cumulated rainfall and
throughfall values are given in Table 2-2. Visual examination shows that both
rainfall and horizontal precipitation occur in distinctive events. Figure 2-7 also
confirms that there is no pure throughfall event, i.e. the horizontal precipitation
occurs in conjunction with rainfall. The same clouds that cause rain are also
responsible for horizontal precipitation. This observation allows us to derive a
statistical relationship between rainfall and horizontal precipitation, which will be
based on an actual physical relation. The data also show a time lag between rainfall
and throughfall (Figure 2-7). In a pure rainfall event, throughfall would occur only
after the canopy storage has been filled. In an event with additional horizontal
precipitation, throughfall may start earlier than rainfall. In both cases throughfall
lasts until the canopy has stopped draining, which may be hours after the
precipitation (horizontal or vertical) has stopped. Rainfall and throughfall need
therefore to be compared over a representative time interval. Table 2-3 shows the
results of regressions using time intervals reaching from one hour to one day. The
fit improves as interval time increases. The longer the interval, the more likely it is
that a whole precipitation event is contained. Given that a precipitation event can
be as long as 24h (Table 2-2) the fit for daily intervals is the best. On the other hand
the slope on the regression line is close to 0.5 for any interval longer than three
hours, leading to the relationship
P1 = 0.5 -TF (2.21)
i.e. we expect measured throughfall to be twice as high as measured rainfall. For
practical reasons in the following analysis we choose to work with four hourly time
series.
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Figure 2-7: Time series of measured rainfall and throughfall September 1 12am to
September 9 12am, 15min accumulated fluxes. Top - throughfall measured with
plastic sheet, middle- throughfall measured with array of four tipping bucket rain
gauges, bottom rainfall measured with tipping bucket rain gauge 2.5m above the
tree canopy.
Table 2-3: Correlation coefficients and slope on the linear regression for the
relation between rainfall and throughfall at different accumulation intervals,
measurements from khareef in 2003.
Interval Correlation Slope n for
[h] Coefficient Pvt=n *TF
1 0.58 0.83
2 0.74 0.74
3 0.80 0.50
4 0.83 0.50
6 0.87 0.50
8 0.87 0.52
24 0.96 0.53
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2.4.7 Stemflow
Stemflow is a point input of water to the water budget and is measured as a volume.
In order to include stemflow to the water balance it has to be translated into units of
mm, which usually poses some complications. Stemflow has a high spatial
variability, and it is known to depend on a wide range of factors, such as wind
direction, rainfall properties (intensity, droplet size, fall angle), angle of branches,
roughness of the trunk, leave type and phonology, stem wetness, crown area and
exposure, etc. (Levia and Frost, 2003, Crockford and Richardson, 2000).
Several methods have been proposed to upscale stemflow from the stem to the
stand size. As a simple rule a stem flow to throughfall relationship may be derived
from measurements at individual trees using regression analysis. It is assumed that
this relationship depends somewhat on the tree size, expressed in diameter at breast
height (DBH) (Hanchi and Rapp, 1999, Crokford and Richardson, 1990, DVWK,
1992). After a relationship between incident precipitation and stem flow is found for
each size group, this relationship is assumed for all trees of the same size class. If
the total number of stems within a given area is known, the total amount of
stemflow in mm can be calculated. The underlying assumption is that stem flow
increases with increasing tree size. Positive correlations between tree size and
collected stem flow have indeed been reported (Aboal et al., 1999), but this
correlation can be very weak (Ford and Deans, 1978). This leads Levia and Frost
(2003) in a review paper to criticize methods, which are based on size classes alone,
as too simplistic. Instead they recommend to use methods like the one by Aboal et
al., (1999) that include canopy area and exposure and species parameters (like bark
roughness).
For the field site in Gogub all trees are of the same species (anogeissus dhofarica).
Visual examination revealed varying crown sizes, branch angles and exposure. Most
trees are tall enough to reach the top of the canopy at least with some branches.
Bark roughness varies with tree age, with older trees having rougher bark.
However the only tree parameter known is DBH, and the recommended method of
Arboal et al. (1999) could not be used. We therefore first attempted to use the
method described in Hanchi and Rapp (1999).
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On the field site in Gogub the total number of stems over an area of 86m 2 is 25;
the smallest and largest one having a DBH of 3.2cm and 24.2cm respectively. The
trees were divided in six equal size classes; the number of trees per class were listed
in Table 2-4. Most of the trees (17 of 24) are members of two middle classes covering
DBH 5.5cm-14.5cm. Except for the smallest class one representative of each class
was chosen at random for measurement of stem flow. For the most extensive class,
two individuals were chosen. The total stemflow volume (in liters) collected for each
class is listed in the last column of Table 2-4. This data does not suggest a trend of
increased stem flow with larger DBH. Rather no relationship between stemflow and
DBH is apparent at all, suggesting that stemflow is indeed depedent on other
variables than DBH on this site, which supports Levia and Frost's (2003) critique.
Table 2-4: Numbers of stems per stem class size and total collected stemflow per
class in 2004
Class No DBH No of Stems No of Total Collected
per Class Stemflow Stemflow
[cm] Gauges in Class [1]
1 >5.5 2 0 0
2 5.5 -10.0 7 1 125.9
38.6
3 10.0-14.5 10 2 97.7
4 14.5-19.0 2 1 90.6
5 19.0-23.5 2 1 106.5
6 > 23.5 2 1 67.7
Therefore, the following simple method was applied: In order to scale from the
individual measurements at six trees to the plot area, for each time period we
averaged the individual volumes measured at the sample stems, and assumed that
this average is representative for the ensemble of 25 trees encountered on the plot.
We then multiplied the average value by the total number of stems within the plot
to estimate the total amount of stemflow received within the plot. We then divided
this volume by the plot area to find Stemflow (SF) in units of t/m 2 or mm as follows:
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where, ntree is the total number of trees in the plot (ntree = 25), Aplot is the area of the
plot (Aplot = 86m 2 ). The assumption is that the sampled trees represent the
variability of stem flow within the plot.
2.5 Conclusion
A field experiment was set up in the mountains of Dhofar in order to measure for
the first time climate and hydrological conditions within the forests of Dhofar.
Meteorological data above the canopy as well as soil moisture, throughfall, stemflow
and sapflow data were collected for two growing seasons. The data provide proxies
for the water fluxes in and out of the forest, as well as water demand (potential
evaporation) and water storage (soil moisture) at high time resolution and in a
consistent fashion. They will also provide input for the numerical experiments in
part II.
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Chapter 3
The Ecosystem in Dhofar:
"A Seasonal Cloud Forest"
3.1 Introduction
Cloud forests are defined in the United Nations Environmental Programme (UNEP)
Cloud Forest Agenda as "mountain forests defined and limited by the persistent
presence of clouds and mist," (Bubb et al., 2004), further the typical vegetation is
described as "abundance of lush, and evergreen vegetation in a cool and humid
atmosphere." Evergreen cloud forests in the tropics are recognized as precious
ecosystems, because they are both hotspots of biodiversity and water resources. Yet,
the seasonal misty and deciduous forests in Arabia are barely mentioned and are
intentionally not included in the maps of cloud forests of the world.
The current distinction of cloud forests is made according to elevation,
temperature, humidity and expected vegetation communities. The classes of cloud
forests are (in order of increasing cloud incidence): (1) lower montane forests (little
affected by clouds), (2) lower montane cloud forests, (3) upper montane cloud forests,
(4) subalpine cloud forests, and (5) low elevation dwarf forests (Bruijnzeel and
Hamilton, 2000). All the above-mentioned types are evergreen. The deciduous
forests in Dhofar are mentioned in the UNEP Cloud Forest Agenda, but are not
considered "real" cloud forests. One of the major reasons for this gap seems to be
that the functioning of seasonal misty forests and their hydrology are unknown.
Consequently it is not clear how they fit into the common definition of cloud forests.
The following study is tries to address this gap of knowledge and make a step
towards the recognition of an additional forest class: a seasonal semiarid cloud
forest. Furthermore, the seasonality of the cloud forest in Oman adds an interesting
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aspect to the study of cloud forests in general. Conditions in the season when clouds
are prevailing can be compared to the conditions when clouds are not present. The
influence of cloud cover on hydrologic fluxes and conditions can thus be isolated from
other processes.
In the following chapter we first present the general climatic conditions in the
seasonal cloud forest in Dhofar. We show that clouds are persistent throughout the
summer and clear sky conditions prevail during the rest of the year. During the
khareef, both absolute values of temperature and the daily variation in temperature
are significantly reduced when clouds are present. Dew point depression is close to
zero most of the time and consequently estimated potential evapotranspiration and
measured sap velocities (a measure of transpiration) are low or close to zero.
Throughfall is much higher than rainfall, thus horizontal precipitation proves to be
an important additional water source. In addition, exceptionally high stemflow
amounts are observed. Comparison of wetting fronts measured at different
distances from the next stem support the theory that infiltration rates are elevated
in proximity to the stems. Regardless of the water gain by horizontal precipitation,
the total available water much below the amounts that are assumed to be necessary
for natural forest growth given the annual averages of temperature and total
precipitation. The soil moisture measurements show that the filling and emptying
of soil storage occurs in two long subsequent periods: the soil storage is filled during
the monsoon time in summer (mid June to mid September in 2004), and little water
is removed during this time. Soil storage is emptied after the end of the monsoon
until trees are not able to uptake any more water (beginning of December in 2003
and beginning of January in 2004).
3.2 Background
Hydrological studies of cloud forests are scarce. Bruijnzeel and Proctor (1995) and
Bruijnzeel (2001) compiled comprehensive reviews in which they cite 27 studies in
cloud influenced ecosystems that at least partly investigated the water budget. Only
15 of those studies are published in peer reviewed papers, the rest are thesis works,
technical publications, etc. In the year 2000 less than ten studies were known to
investigate the water use of cloud forests (Bruijnzeel and Hamilton, 2000). All of the
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research conducted is done in evergreen ecosystems with mean annual rainfall of at
least 1300mm, but often far above that (> 2000mm). One exception is an evergreen
dry forest in Hawaii at 2600m elevation and with 500mm rainfall at 110C mean
annual temperature (Juvik and Nullet, 1995).
While all investigated forests are evergreen, the described climates are often
seasonal with one or two moist seasons and one or two dry seasons, where dry is
defined as a month that has smaller precipitation than potential evapotranspiration.
In some cases those seasonal dry conditions seem to be eased by cloud cover, either
through additional water input from cloud precipitation or through diminishing
atmospheric evaporative demand as a result of protective cloud cover (Juvik and
Nullet, 1995, Hutley et al., 1997).
The cloud forests of Dhofar grow in an environment with annual rainfall and
mean annual temperatures that are, according to climate vegetation charts,
characteristic for open shrubland, rather than a broadleaf forest with a closed
canopy as found in Dhofar (Bonan, 2002). Persistent cloud cover has been found to
be responsible for the shift of vegetation zones for example in Africa (Hursh and
Pereira, 1953). They showed that fog exposed vegetation at a location receiving
1140mm of annual precipitation shared features with an ecosystem that thrived
normally with 2000mm of precipitation. More recently, Hutley et al. (1997) showed
that a cloud exposed temperate evergreen rainforest in Australia thrived at
comparatively small (1125mm) mean annual precipitation. Seasonal droughts were
overcome at this site by the use of soil moisture storage, which was emptied only
slowly, since the persistence of clouds kept the atmospheric evaporative demand low,
and some additional water could be gained through horizontal precipitation.
3.3 Observation
3.3.1 General Climate Conditions During the Year
The general climate in the Arabian Peninsula and the basic patterns influencing the
climate in Dhofar are described in Chapter 1.
To our knowledge no publications exist that investigate the daily cycles of
temperature, radiation and humidity as related to wind direction and the time of the
day and season in Dhofar. Abdul-Wahab (2003) investigated the influence of
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onshore/off-shore wind direction for the conditions in Dhofar and the temperature
profiles in the atmosphere on the coastal plain of Salalah. From her data she finds
that winds are predominantly from the South during the summer and from the
North during the winter. However, the soundings that Abdul-Wahab (2003) used for
her work are only available in the night (2:30am). She could therefore not observe
the influence that the time of the day had on the wind direction and her
observations. Our field data are available day-round and allow us to describe the
climate during the khareef in a more detailed manner.
Figure 3-1 (left) shows the probabilities of the occurrence of a given wind
direction at a certain time of the day for the different seasons of the year using
quarter-hourly data collected in Gogub (October 16 2003 - October 18 2004). Clearly,
in all seasons SE winds were predominant during the day. In winter, spring, and
fall the winds change direction at nighttime, whereas in summer winds were strictly
from the South at all times of the day. During the off-monsoon seasons, a second
high probability band for winds from the North during all times of the day is
apparent, but mainly at nighttime. Thus, with data measured at nighttime Abdul-
Wahab (2003) finds that winds are from the North during winter, whereas they
actually seem to be predominantly from the South, except during short periods in
the night.
On the right hand side of Figure 3-1 the probability of the occurrence of a given
dew point depression (dew point minus actual temperature) at a given wind
direction is shown. When the dew point depression is zero the air is saturated and
cloud formation is possible. The larger the deviation in dew point deviation from
zero, the drier is the air the more unlikely is cloud formation. Figure 3-1 shows that
drier conditions are associated with winds from the North and moister conditions
with winds from the South. Interestingly very low dew point depressions are
associated with winds from the South not only during the monsoon, but throughout
the year. For example, in winter the probability density has two maxima, a
dominant one for SE winds and dew point depressions between 0 and -10 oC and a
smaller one for NW winds at dew point depressions between -10 and -20 oC.
Our measurements suggest that the climate in Dhofar has two major modes
(Figure 3-1). The non-monsoon season shows an apparent land-sea circulation with
landward Southerlies during the day and seaward Northerlies during the night.
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Figure 3-1: (left) Probability of occurrence of winds with a given direction at
given hour of the day in different seasons of the year, plotted as two dimensional
histogram; (right) Probability of occurrence of a certain dew point depression, when
winds are from the South (red line) and winds are from the North (blue line). Plotted
are 15min mean values measured October 18 2003- October 16 2004, normalized
over the total number of observations.
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South winds are marked by moist air; North winds originate in the desert and
therefore carry hot and dry air with very low dew points. The main difference
between the regime in winter and summer is that in summer the apparent sea
breeze does not switch direction during the night and winds are permanently from
the South. Consequently, the dew point depression is continuously close to zero and
cloud formation is expected.
3.3.2 Incoming Radiation, Cloudiness and Temperature
Figure 3-2 shows the daily average incoming short wave radiation measured at the
climate station in Gogub and the theoretical incoming short-wave radiation on top of
the atmosphere from mid October 2003 to mid October 2004. Outside the monsoon
season incoming short-wave radiation showed the same seasonal cycle as the
theoretical short-wave radiation on top of the atmosphere: lowes during winter
(January) and highest during the summer (June, just before the khareef starts).
During the monsoon, incoming radiation did not follow the upward trend of incident
short wave radiation, but instead dropped to about a fifth of the spring values.
Using the values of incoming short-wave radiation measured in Gogub and
theoretical incident short-wave radiation on top of the atmosphere (Figure 3-2), we
calculated and plotted in Figure 3-3 the cloudiness parameter (#) that was
introduced in Chapter 2 (Eq. 2.12). The cloudiness shows a fairly bimodal annual
pattern: cloudiness is close to 0% outside the monsoon season, i.e., the sky is almost
always clear. In contrast, during the monsoon the cloudiness is 90%. Visibility is
not measured on this site; therefore, no information is available regarding the height
of the cloud base (surface or elevated clouds). However, fog (light or dense) was
observed during most of the field visits (20 of 26) between the first (June 23) and
last recorded throughfall (September 16) in summer 2004. The visits where no fog
was observed were mostly at the beginning and end of the khareef (4 of 6 visits).
Figure 3-4 shows the daily mean, maximum and minimum temperature as
measured at the climate station in Gogub from mid October 2003 to mid October
2004. Outside the monsoon the temperatures showed a typical pattern for a desert
environment with low cloudiness: The mean temperature followed the seasonal
cycle of solar insulation on top of the atmosphere (Figure 3-2) and temperature
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Figure 3-2: Daily mean incoming short-wave radiation for October 19 2003 to
October 19 2004: Measured at the climate station in Gogub (black), theoretical on
top of the atmosphere (red).
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Figure 3-3: Cloudiness parameter (as defined in Eq. 2.12) October 19 2003 to
October 19 2004, based on daily averages of incoming radiation.
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Figure 3-4: Daily temperatures at the climate station in Gogub for October 19
2003 to October 19 2004, black line - daily mean, red circles - daily maximum, blue
circles - daily minimum.
differences between day and night are large, as a result of strong heating during the
day and radiative cooling at night.
During the monsoon season (in 2004 from June 23 to September 16) the regime
changed. In the first part of June the average temperature was nearly 28oC and in
the second part of June it had already decreased to 240C. As the monsoon season
progressed, temperature decreased further to about 200C average in August. These
values compared to the mean daily temperature observed in winter, but were
measured in summer at a time when solar insolation on top of the atmosphere was
at its annual maximum. As a result of the persistent cloudiness, the temperature
remained nearly constant between day and night. During the day, the cloud cover
acted to decrease incoming radiation, whereas at night it reflected back long-wave
radiation from the soil, thus preventing the soil from cooling out quickly. The
gradually decreasing temperature during the monsoon suggests either colder air
blowing in from the sea, or a gradual cooling of the ground because the heat loss
from the ground during the night was greater than heating during the day. A
similar pattern between clear days and foggy days was described by Hutley et al.
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(1997) for a subtropical rainforest in Australia. They found that daily temperatures
decreased (to winter values) and the diurnal cycle was weakened when clouds were
present. In summer, this led to a dramatic decrease in temperature between sunny
and foggy days. In winter, the mean daily temperature above the canopy was the
same for fog and clear days, but again, the diurnal cycle was removed.
The onset of the monsoon was only observed in 2004, since our measurement
started only shortly after the start of the khareef in 2003. In 2004 the onset of the
monsoon was rather abrupt. The khareef was preceded by some light cloudiness,
which was within the normal scatter, and within four days (June 15 to June 18) the
daily average incoming short-wave radiation dropped from approximately 270W m-2
to about 100 W M-2 and would not rise much above 120W m-2 until the end of the
monsoon, except for a monsoon interruption from July 17 to July 27. The end of the
monsoon was in both years more gradual, with more frequent interruptions of the
cloud cover towards the end of the monsoon. Light cloudiness was also frequent
during the winter season. This cloudiness may be part of the winter circulation from
the Indian subcontinent, which was described by Brooks et al. (2002) as a source of
occasional winter rains.
3.3.3 Measured Water Fluxes
The hydrology of cloud forests is exceptional in that they tap into an additional
source of water by intercepting cloud droplets. As the clouds move through the
canopy, the leaves collect cloud droplets and the water drips down from the leaves to
the ground and eventually infiltrates the soil. This process is called horizontal
precipitation. Horizontal precipitation does not only occur in cloud forests, but also
in ecosystems that are only occasionally immersed in clouds and fog (i.e., review by
Crockford and Richardson, 2000). The difference between a cloud forest compared to
any other ecosystem is that the interception term in the cloud forest water balance is
remarkably influenced by gain of water to the system (Bruijnzeel, 2001, Foster,
2001). In any ecosystem the canopy intercepts rainwater and a part of this
intercepted water evaporates directly from the canopy before it can drip to the
ground. Therefore interception is usually considered a loss. In a cloud forest
horizontal precipitation may either act to decrease the net interception loss (Tanner,
1980) or at least temporarily lead to positive interception (i.e., net gain of water,
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Juvik and Nullet 1995, Hutley et al., 1997, Holder, 2004). The actual gain of water
depends on exposure to clouds, microphysical cloud properties, as well as on the
properties of the canopy (Merriam, 1973, Gallagher et al., 1992, Fallas, 2002).
As mentioned earlier according to climate-vegetation charts a closed canopy
forest is not expected in Dhofar given the mean annual temperature and rainfall as
measured in Salalah. Does horizontal precipitation, as measured in Gogub ,explain
this discrepancy?
In order to make an estimate of water gained by the canopy, we first investigated
the time series of throughfall and rainfall for times when all throughfall gauges
were operational (summer 2003). Second, we compared stemflow to measured
throughfall in 2004, for times when the stemflow containers were operational.
Third, we used both relationships to interpolate values for throughfall, stemflow and
rainfall for the 2004 khareef season. Finally we estimated total available water to
the ecosystem (below canopy).
Throughfall and rainfall
Simultaneous measurements of rainfall and throughfall were only available from
2003. During 2004 no rainfall measurements were available, due to of a broken
signal cable. The rainfall and average throughfall from an array of four gauges is
plotted in Figure 3-5. 2003 was a particularly dry year. From the start of the
measurement campaign on August 3, 2003 until the end of the monsoon on
September 15 (defined from both last received precipitation and change in cloud
cover) the collected rainfall above the canopy was 30mm and corresponding
throughfall was 41mm. This would correspond to a net gain of precipitation of 36%.
However, since rainfall rates are usually very small, rainfall under-catch likely led
to underestimation of rainfall on top of the canopy, such that the actual percentage
of water gain may be lower. In the bottom plot of Figure 3-5 the difference between
rainfall and throughfall is plotted. Note that this difference does not correspond to
all the cloud water collected by the canopy, since it does not take into account
stemflow. As will be shown in the next section, stemflow is substantial (estimated
30% of total available water below canopy). Of the 44 days measured in 2003, 20
show throughfall greater than rain, 16 less throughfall than rain, and 8 days no
difference. Throughfall was smaller than rainfall on days when incident
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Figure 3-5: Daily cumulated throughfall (top), rainfall (middle) and the difference
between the two (bottom) from August 3 2003 to October 15 2003.
precipitation was low (rain<lmm, 26/44 days, including days when no rainfall
occurred at all, on 15 of those 26 days throughfall was smaller than rainfall). On
days when throughfall was greater than rainfall the net gain was on the average
0.8mm/day (n=20) with maxima of 4mm/day. This compares well with data found in
the literature for cloud forests elsewhere that were similarly deducted from rainfall
and throughfall values, which were 0.5-1.25mm/day (review by Bruijnzeel, 2001,
Gonzales, 2000).
We observed only one rainfall event, which had rain and throughfall comparable
in amounts received during the khareef, but occurred after the clouds had
disappeared in 2003 (September 27). During this event, the rainfall measured above
the canopy was 3.5mm in four hours and below only 1.6mm, stemflow was 0.24mm.
The high interception loss of 47% is most likely a result of the canopy having been
dry at the beginning of the precipitation event combined with high atmospheric
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evaporative demand. This is an example of a potential interception loss that could
be characteristic for khareef rain, if clouds were not present.
Stemflow
Stemflow is an alternative path for water to be transferred from the canopy to the
ground, and it is not accounted for by throughfall. Stemflow is usually indicated as
a fraction of total incident precipitation. Since horizontal precipitation plays an
important role, stemflow is in this study compared not to rainfall, but given as (1) a
fraction of corresponding accumulated throughfall and (2) a fraction of net
precipitation (stemflow plus throughfall). The stemflow measured in 2003 and 2004
is listed in table 3-1.
The total stem flow volume collected in 2004 summed over all sample trees and
all periods where throughfall was measured was 1225 liters. This includes periods
where collectors overflowed, thus this number is an underestimation of the actual
volume. The equivalent precipitation height (collected volume over the area of the
experimental plot) is 14.2 1/M 2 or mm. The total throughfall during this time was
134mm, thus stemflow that was contributed by the 6 sampled trees alone accounts
for 11% of throughfall, or 10% of net precipitation. This is the absolute minimum
estimate for received stemflow. Equation 2.19 was used to estimate the total
stemflow received by the plot from all 24 trees. The results are listed in Table 3-1.
The total equivalent stem flow estimated using this model corresponds to 57.3mm,
thus 43% of throughfall, or 30% of total available water below the canopy (stemflow
plus throughfall). Again, this is a lower bound estimate of stemflow contribution,
since the estimate includes periods where stemflow containers were overflowing at
the beginning of the khareef season of 2004. Stem flow during times when collectors
were not overflowing (12 periods corresponding to 39 days, see Table 3-1) accounts
for 30mm. The corresponding throughfall was 60mm. Stemflow in this period was
50% of throughfall; net precipitation during this period was 90mm, of which 30%
was contributed by stemflow. This would be the expected partition of stemflow for
this site during the monsoon. Additionally, the relationship between stemflow and
throughfall for all periods where stem flow containers were not overflowing in the
year 2003 and 2004 is plotted in Figure 3-6. The regression equation with r2 = 0.9 (n
= 15) is
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Table 3-1: Listing of measured rain, throughfall and stemflow for the years 2003
and 2004 ordered highest measured stemflow to lowest measured stemflow. Marked
light gray are periods with overflowing stemflow collectors. The percentage in the
last column is %= stemflow[mm]/net precipitation, where total precipitation is the
sum of stemflow and throughfall for a given period.
September 15 2004 had khareef throughfall, but no
The period September 1 to
stemflow was recorded.
Date Year No of No of Bucket Rain Through Stem- Stem-
Days overflown size fall flow flow
collectors [1] [mm] [mm] [1] [mm] [%]
9 Aug - 16 Aug 2003 7 4/6 6 5.84 11.5 28.0 1.3 11
3 Aug - 9 Aug 2003 7 4/6 6 11.17 19.7 27.0 1.2 6
2 Sep - 6 Sep 2003 4 4/6 6 4.32 5.5 27.0 1.2 22
30 Aug - 2 Sep 2003 3 2/6 6 1.78 1.1 17.0 0.7 70
16 Aug - 23 Aug 2003 7 2/6 6 1.78 2.8 16.0 0.7 25
6 Sep - 9 Sep 2003 3 - 6 1.78 1.1 9.0 0.4 35
23 Aug - 27 Aug 2003 4 - 6 2.03 1.3 4.0 0.2 13
27 Aug - 30 Aug 2003 3 - 6 1.27 0.7 1.0 0.0 6
total khareef 2003 43.7 129.0 5.7
8 Jul - 10 Jul 2004 2 5/5 22 n/a 13.1 123.0 5.7 30
10 Jul - 12 Jul 2004 2 4/5 22 n/a 15.7 113.0 5.3 25
31 Jul - 2 Aug 2004 2 4/5 22 n/a 13.1 110.0 5.1 28
30 Jun - 5 Jul 2004 5 3/5 22 n/a 11.2 100.0 4.7 29
5 Jul - 8 Jul 2004 3 2/5 22 n/a 6.1 97.0 4.5 43
9 Aug - 11 Aug 2004 2 - 22 n/a 7.7 91.0 4.2 36
21 Aug - 28 Aug 2004 7 - 22 n/a 6.7 83.5 3.9 37
18 Aug - 21 Aug 2004 3 - 22 n/a 5.8 77.0 3.6 38
11 Aug 15 Aug 2004 4 - 22 n/a 9.3 75.8 3.5 28
12 Jul - 14 Jul 2004 2 - 22 n/a 5.8 63.0 2.9 34
7 Aug - 9 Aug 2004 2 - 22 n/a 5.4 58.5 2.7 33
3 Aug - 7 Aug 2004 4 - 22 n/a 6.1 54.0 2.5 29
28 Jul -31 Jul 2004 3 - 22 n/a 4.2 45.6 2.1 34
2 Aug - 3 Aug 2004 1 - 22 n/a 3.8 45.0 2.1 35
23 Jun - 26 Jun 2004 3 5/5 6 n/a 14.7 36.0 1.7 10
15 Aug - 18 Aug 2004 3 - 22 n/a 2.6 25.2 1.2 31
14 Jul - 18 Jul 2004 4 - 22 n/a 1.9 14.4 1.0 34
19 Jun - 23 Jun 2004 4 - 6 n/a 1.2 13.0 0.6 33
total khareef 2004 137.5 1242.0 57.7
1 Sep - 15 Sep 2004 15 - 22 n/a 10.2 0 0
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Figure 3-6: Relation between accumulated throughfall and stemflow for periods
(n=16) when stemflow containers were not overflowing in 2003 (red) and 2004
(black). The line shows the regression with intersect at 0, inclination 0.49 and
r 2=0.89.
SF =0.49 -TF (3.1)
where SF is stemflow and TF is throughfall for the periods considered.
During the precipitation event after the monsoon on September 27 2003, where
3.5 mm of rainfall and 1.6mm of throughfall occurred, stemflow only accounted for
an equivalent of 0.24mm, i.e., 16% of throughfall. The difference found may
highlight the importance of the persistent canopy wetness during the monsoon and
emphasize the important role of cloud cover for increasing stemflow.
Comparing these figures to the literature reveals that stem flow as percentage of
total incident precipitation measured in Gogub ranks among one of the highest
reported. Levia and Frost (2003) give in their review a list of studies where
stemflow was measured in various ecosystems of different climate zones. In this
study only a single data point reported exceeds the 30% stemflow contribution
- 84 -
observed in Gogub, and this is for a desert shrub where stemflow is up to 45% of
incident precipitation (Mauchamp and Janeau, 1993). Stemflow from all forest
environments, tropical and non-tropical, reported by Levia and Frost's (2003)
accounts at maximum for 20% of incident precipitation, but usually less than 10%.
Desert shrubs show comparatively high stemflow of up to 30%-45%. Observed stem
flow in cloud forests was negligible in all of the studies cited in reviews by Bruijnzeel
and Proctor (1995) and Bruijnzeel (2001), except for two cases. Stemflow was up to
3-10% of incident rainfall in an elfin cloud forest (Weaver, 1972) with high annual
rainfall of 4800-6000mm and 18% in a Jamaican upper montane cloud forest
(Hafkenscheid et al., 2000, cited in Bruijnzeel, 2001) with mean annual precipitation
of 2800mm. In the latter case the tree structure was assumed to be responsible for
the high values measured.
Stemflow can usually be induced before the interception storage is filled, i.e.,
before throughfall occurs (Crockford and Richardson, 2000). Stemflow is therefore
considered an important source of below canopy water in environments where
incident precipitation would usually not be sufficient to saturate canopy storage
sufficiently to induce leaf drip. Moreover, stemflow increases when the wood is wet
since this situation induces a preferential flow-path along the stem. Incident
rainfall angle also plays a role; the more inclined the rain, the higher the stemflow.
Furthermore, stemflow proportion usually increases with decreasing rainfall
intensity and droplet size. The high stemflow amounts found in Gogub are therefore
not surprising. The angle of incident precipitation is literally horizontal in a cloud
forest. During most of the khareef stems are completely moist as a result of the
persistent fog. Moreover rainfall intensities and droplet sizes are small, all factors
which result in increasing the stemflow fraction. However, observations from cloud
forests elsewhere show only average amounts of stemflow, although they should
have equally favorable conditions for increased stemflow as found in Dhofar. This
disagreement may be partly related to high precipitation rates that those stemflow
fractions are referred to. Typically stemflow is reported as a percentage of incident
precipitation. Thus, while observations of absolute values of stemflow may be
similar, the indicated percentage value can vary greatly due to differences in total
incident precipitation. Furthermore, on an event basis stemflow increases with
increasing rainfall intensities until a certain point and than remains then constant,
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most likely this is the point when canopy storage is filled up. Therefore, when
precipitation is high, it is natural that stemflow as a fraction decreases. Finally,
stemflow depends on the anatomy of the plants. It has been observed that desert
shrubs have an anatomy that helps to channel rainfall water quickly to the ground
(Mauchamp and Janeau, 1993). The branches of those trees (annogeissus dhofarica)
that are found on our field site in Gogub have a very steep angle and smooth bark,
which are both factors known for enhancing stemflow (Pressland, 1976, Levia and
Frost, 2003). Either by chance or due to adaptation, annogeissus dhofarica seems to
have an anatomy that helps to increase stemflow.
Stemflow influences the water availability for plants beyond the absolute
magnitude of water added. Stemflow is a concentrated point input that leads to
higher water infiltration directly around the stem and to considerable heterogeneity
of soil moisture. Pressland (1976) showed with an elaborate combination of
throughfall, stemflow and soil moisture measurements that infiltration in proximity
of the stem of Mulga (Acacia aneura F. Muell., a species with usually high stemflow
percentages of up to 40%) was more than twice as high at 0.25m from the stem as
compared to 0.5m and 2.Om away from the stem. This difference could not be
explained by spatial variability of throughfall.
Pressland (1976) observed visually that most of the water infiltrated within
0.5m-1m of the stem. In Gogub 24 stems are distributed over an area of 86m2 , which
is the area that was assumed for calculation of stemflow contribution to total below
canopy precipitation. However, if all water is infiltrates within a limited radius
around the stem, the contribution of stemflow is locally increased. In our case, the
contribution increases by a factor of 1.1 if water infiltrates within im radius and by
a factor of 4.5 if it infiltrates within 0.5m.
The high stemflow amounts found in Gogub may therefore play a substantial role
for the water availability for trees, by inducing locally high soil moisture and deep
infiltration in proximity of the stems. We will present further results on the relation
between stemflow and soil moisture in the paragraph on soil moisture below.
Surface runoff
Surface runoff was negligible throughout the monsoon, however, substantial surface
runoff may have occurred during the strong cyclone rainfall in the early morning
hours of September 30 2004. The container collecting surface runoff, for the first
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time, overflowed during this event; however, it only captures 20 liters, which
corresponds to only about 0.2mm.
Dewfall
An additional potential source of water in desert environments is dewfall.
Dewfall occurs when the temperature falls below the dew point and leads to
condensation of droplets on exposed surfaces. Figure 3-1 shows that dew point
depression can in all seasons can be small, especially when the winds are from the
South. In order to understand the role of dewfall in the water budget we considered
the occurrence of dew point depressions smaller than 10 C for a whole year (October
18, 2003 through October 16, 2004).
As a result of cloud immersion in summer dew point depressions were commonly
smaller than 10 C (87% occurrence in all measured 15min intervals between June 21
and September 20). In winter and spring 2003, dew point depressions smaller than
10 C occurred rarely (2% and 4% of all 15min intervals in those seasons,
respectively). Therefore, we assume that dewfall during winter and spring is
negligible. In fall, dew point depressions smaller than 10C occured more frequently
(14% occurrence). Small dew point depressions occured mainly during early fall,
shortly after the monsoon finished. Figure 3-7 shows the daily cycle of dew point
depression in from September 21 to October 15 2003. Shown is the mean dew point
depression for this period, as well as maximum and minimum values observed
during the same period. Dew point depressions close to zero occur during the night,
when the temperature is low. We therefore expect dew formation during these
periods. However, as Figure 3-7 also shows, dew point depressions increase as soon
as the sun rises. Therefore, it is most likely that dewfall will be removed from the
vegetation during the early morning through evaporation, and little of the water
gained from dewfall will infiltrate the soil. Also, during this period, neither
throughfall nor stemflow was recorded, and therefore it seems safe to conclude that
dewfall, although it likely occurs in early fall, is a negligible flux in the water
balance.
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Figure 3-7: Daily cycle of dew point depression from 15min intervals from
September 21-October 15 2003 (period outside of the khareef, when small dew point
depressions are most frequent); mean dew point depression (black line), minimum
during the record (blue circle), maximum during the record (red circle).
Total plant available water in 2003 and 2004
Table 3-1 summarizes the estimated throughfall and stemflow for 2003 and 2004,
and the time series of throughfall is plotted in the top panels in Figures 3-8 and 3-9
for the last half-years of 2003 and 2004. In both years stemflow was underestimated
as a result of overflowing containers. The estimated total available water received
below the canopy is 41mm in khareef 2003 (August 3 2003 - September 15 2003,
total 44 days of which 3 days missing) and 148mm in khareef 2004 (June 23 2004 -
September 15 2004, total 84 days of which 13 days are missing). When adjusting
stemflow for all periods when containers were overflowing, by assuming stemflow
was 49% of throughfall (Eq. 3.1), net precipitation in 2003 was 58mm or 1.41mm/day
(44 days of which 3 days are missing) and 218mm or 3.03mm/day in 2004 (85 days of
which 13 days missing). Since measurement started only after the beginning of the
khareef in 2003 this number does not reflect the total available water during the
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Figure 3-8: Daily values of measured (a) cloudiness; (b) potential evaporation; (c)
throughfall; (d) referenced soil saturation; and (e) sap velocity for the khareef in
2003. The black bar on the time-axis signifies times when data when data logger file
got lost, or before the measurement campaign started (June, July 2003).
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Figure 3-9: Daily values of measured (a) cloudiness; (b) potential evaporation; (c)
throughfall; (d) referenced soil saturation; and (e) sap velocity for the khareef in
2004. The black bar on the time-axis signifies times when data when data logger file
got lost, or where data were not available yet (December 2004).
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whole monsoon. The total amount of water available during the khareef in 2004 can
tentatively be estimated by assuming for all missing days data the average rainfall
during the khareef, this would yield 242mm. However, this is a lower estimate since
missing data occurred during the first part of the khareef, when the khareef was
stronger than average. When replacing missing values with the immediately
preceding period of the same length (which is the procedure chosen for the
estimation of model input, as will be shown below), the total incident khareef
precipitation below the canopy is estimated to 300mm.
In Chapter 2.4.6 we discussed the relationship between throughfall and rainfall
in 2003. We found that throughfall was about twice as much as rainfall for time
intervals greater than four hours (r2=0.83). Above we showed that stemflow is about
half of the measured throughfall for time intervals of 2-4days in 2003 and 2004
(r 2=0.89, n=16). Therefore, as a first order estimation, we conclude that stemflow
amounts are on the same order as rainfall, and throughfall is about twice as much
as rainfall. This means about 3 times as much water is received below the canopy as
compared to rainfall.
Besides khareef rainfall, two additional types of rainfall events occurred on the
site. A cyclone passed over the region in the early hours of September 30, leading to
64mm of throughfall and overflow of all stemflow containers. It is not possible to
reliably estimate stemflow for this event, since the stemflow-throughfall relationship
was derived for low rainfall intensities, and does not apply to the high rainfall
intensities of the cyclone. However, if all non-sampled stems yielded at least the
same volume as the sampled ones, than stemflow would account for at least an
additional 6mm, thus total water received was at least 70mm over seven hours.
During the same event, substantial surface runoff occurred and led to overflow of the
collector. Therefore, the exact number of plant available (infiltrating) water cannot
be determined for this event. However, soil moisture measurements below will give
more insight into the impact of the event for soil storage, and presumably the
contribution to plant development.
Both in 2003 and 2004 winter precipitation was observed on the site. This is
rainfall of very low intensity, likely associated with the Northeast Monsoon (Brook
and Shen, 2000). The events lasted a few hours, sometimes on consecutive days.
The highest rainfall rate during such an event occurred at the end of September
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2003, and had 4mm of rainfall, and 1.6mm of below canopy available water; the
other events measured each total of approximately 0.1mm throughfall and 0.25
rainfall (in 2003, no information on rainfall is available in 2004), and no stemflow.
3.3.4 Soil Moisture
Soil Moisture from khareef rainfall
Soil moisture was expressed as a referenced value; the raw readings were
normalized over the observed range of readings, according to Eq. 2.18. The daily
values of this referenced value from the permanent moisture probe are plotted in
Figures 3-8(d) and 3-9(d) for the growing seasons of 2003 and 2004 respectively. In
2004 soil moisture increased slowly at the beginning of the monsoon. It took about
14 days until the wetting front reached the lowest sampled layer at 60cm. Only at
the beginning of August, one and a half months after the beginning of the monsoon,
the lower soil layers (30-60cm) reached the highest soil saturation, which was
maintained until the monsoon conditions diminished at the end of August. It is
interesting to observe, that the lower layers reached the highest point of saturation
together, and behaved afterwards for the rest of the monsoon equally, suggesting
that they had reached a steady state of infiltration. As soon as throughfall
decreased, soil moisture decreased slowly and evenly over the whole profile. In 2003
the measurement began only after the monsoon had started, but was still in an early
stage, as the wetting front suggests - the lowest layer had not been reached yet.
The wetting front reached the lowest layer on August 3, 2003, as compared to July
10 in 2004. This is attributed to the fact that the monsoon in 2003 started much
later than in 2004. Moreover the soil never reached the same high soil moisture
values and apparent steady state of downward flux as it did in 2004. Consequently
at the end of the monsoon the soil contained less water in 2003 than in 2004. At the
end of September, the referenced saturation is between 0.3-0.55 in 2003 and
between 0.45-0.6 in 2004.
Influence of Stem Flow on Soil Moisture
Soil moisture was sampled at four different access tubes, one was equipped with a
permanent sensor (perm) and the other three (p4, p6, p7) were sampled with a
handheld device at each field visit. The location of the tubes was chosen randomly,
however they are all positioned at different distances to the next standing tree.
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Comparing measurements at different tubes therefore gives some insight into the
distribution of soil moisture as a function of distance to the next tree, and thus the
potential importance of stemflow.
Since soil moisture is given here as a referenced value, it is not possible to
compare the distribution of soil moisture per se. However, the progression of the
wetting front at the beginning of the khareef in 2003 and 2004 gives some insight
into infiltration at a given tube.
Figure 3-10 shows the wetting process for the monsoon 2003 (Figure 3-10(a)) and
2004 (Figure 3-10(b)) at different soil depths (40cm, 50cm, 60cm). In 2003 at the
beginning of the measurement campaign the wetting front had already reached
40cm in the two access tubes that were closest to the next standing trees (perm and
p4, 1.0m and 1.2m away from the next tree respectively), whereas p6 and p7, the
access tubes which are further away from trees (1.7 and 3.7m away from the next
tree respectively), were still dry. In both access tubes the infiltration front had
arrived after the second field visit and affected both p6 and p7 down to 50cm, but p6
had already reached much higher saturation at 50cm than p7. This indicates that
more water was available for infiltration at p6 than at p7. At 60cm the wetting front
on p7 only arrived after the 3rd field visit in 2003.
In 2004, access tube p7 was used for an infiltration experiment, therefore the
initial soil moisture at this tube is elevated compared with the others at all depths.
However, the progression of the wetting front can still be observed. The plot for
50cm depth shows the 2004 succession well: first the wetting front arrives in the
permanent access tube, then in p6 and lastly in p7. Unfortunately, it is hard to
judge conditions at p4, since the deepest measurement depth at p4 is 40cm and
wetting at 40cm occurred at the same time for most of the access tubes (except the
permanent one). From those observations it can tentatively be derived that the
permanent access tube is the "wettest" one, followed likely by p4, and then p6 and
p7. It is interesting to note that this succession is consistent with the distance of the
tubes from the next stem, with the permanent probe being closest to the next stem
(1.0m) and p7 the furthest away (3.7m). This supports the hypothesis that the
spatial variation of soil moisture is related to the distance from the stem (in
accordance with Pressland 1976), with higher infiltration rates closer to the stem
than at distance, as a result of stemflow.
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Figure 3-10: Progression of wetting at 40cm, 50cm and 60cm depth and different
locations (1.0m, 1.2m, 1.7m and 3.5m away from the next stem) for the beginning of
the khareef in 2003 (a) and 2004 (b). Plotted is the referenced soil saturation as
defined in Eq. 2.18.
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Soil Moisture Influenced by Non-Khareef Rain
In 2004 a cyclone brought additional precipitation in the night of September 30. The
throughfall measured during this event was 64mm within 7 hours; this amount is
approximately 40% of the measured khareef throughfall in 2004 (with 13/84 days
missing data). This event led to the highest observed saturations in the layers 10 to
30cm deep, but was not enough to saturate the layers below 30cm to the extent that
they had reached earlier during the khareef. For the sampled soil layers (up to 60cm
depth) the soil moisture increased to values from two weeks earlier shortly after the
khareef; however, the deeper the soil the less the influence on the saturation.
Therefore, the cyclone can be assumed to have prolonged the growing season by a
maximum of 2 weeks.
Winter precipitation occurred in 2003 at the end of September (4mm) and
beginning of December in both 2003 and 2004 (both times 0.25mm). Those events
show a recognizable, but small influence on soil moisture in the first and second
layer, but not beyond.
3.3.5 Transpiration and Potential Evapotranspiration
Sap flow is a direct measure of plant transpiration. The site in Gogub is located
on a hill and has limited fetch, therefore sap flow is the most direct and reliable
measurement of transpiration available at this site. The time series of daily values
of sap flow velocity is plotted in Figure 3-8(e) and 3-9(e) for the growing season of
2003 and 2004 respectively. Even when trees have no leaves and the soil is
completely dry, the sap flow measurement is not zero. Therefore the line in the
figure marks the level of "residual" sap flow measurement. Any measured values
exceeding this line can clearly be associated with occurrence of real sapflow, while
values below this line are likely associated with small or negligible sap velocities.
Potential evapotranspiration was calculated as explained in Chapter 2.4.2 and is
plotted in Figures 3-8(b) and 3-9(b) for the years 2003 and 2004. The values are
daily averages expressed in mm. Potential evapotranspiration has three modes. In
the middle of the khareef it is continually low, about 1.5-2mm per day. Outside of
the khareef potential evaporation is about ten times higher than during the khareef,
about 15-20mm per day, and later in the year, when cloudiness is even lower, 30-
40mm per day. The extreme high values of potential evaporation are associated
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with strong northerly winds, bringing hot and extremely dry air (relative humidity
of 10% and less) to the site. During the transition time at the beginning and end of
the khareef, the potential evaporation changes frequently between low and higher
values.
In 2004 sap flow was observed immediately after the first rainfall had occurred
and the upper soil layers were moistened. However, during the second half of June,
although potential evaporation was temporarily high sap flow remained low, and
seemed to be inhibited by low soil moisture. Starting in mid July, when the soil had
reached higher saturation, sap flow responded more strongly to temporary increases
in potential evaporation, and soil moisture was readily decreased at the same time.
During the time of continuously closed cloud cover, both sap flow and potential
evaporation were nearly zero. At the end of the monsoon potential evaporation
increased with sap flow proportionally responding and remaining at high levels. In
contrast, soil moisture started decreasing steadily, as no more water was supplied.
Sap flow remained at fairly constant levels (and responded readily to extremes in
evaporation demand) until about early November. Now soil moisture seemed to
limit sap flow substantially. Sap flow decreased although the evaporative demand of
the atmosphere kept increasing.
In 2003, leaf-shed had mostly finished by the end of December 2003. In 2004,
leaves were still left on the trees in late December 2004 and amazingly the winter
rainfall at the beginning of December had led to a second leaf flush in December.
This explains the high values of sap flow at the beginning of December following the
relatively small event.
3.4 Discussion and Conclusion
The observations made at the field site in Gogub expand our understanding of the
hydrology of the deciduous forest ecosystem in Dhofar. This system is marked by
surprisingly low water availability. We estimated the amount of water received in
Gogub during the khareef of 2004 as only 243-300mm. This includes stemflow
estimates, the amount collected by horizontal precipitation and compensation for the
days of missing data by using the daily average and the corresponding preceding
periods of precipitation, respectively. Additionally to khareef rainfall, in 2004 70mm
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throughfall were gained from a cyclone. 2004 was considered a good monsoon based
on the rainfall data recorded in Salalah airport (20km away), therefore the amount
of water received can be considered as representative. While many assumptions
went into the estimation of total available water in 2004, the final number is a factor
of 2-3 smaller than the about 1000mm assumed necessary for growth of a forest,
according to the climate-vegetation chart (i.e., Figures 1-5 and 1-8). Therefore,
horizontal precipitation taken alone may not account fully for closing the gap
between incident rainfall and the amount of water deemed necessary for tree
growth. Other aspects seem to play an important role.
Judging from the observations made in Gogub, it is a juxtaposition of multiple
factors that facilitate tree growth in spite of exceptionally small amounts of
available water:
(1) Horizontal precipitation is a substantial additional source of water. At the field
site in Gogub horizontal precipitation may have provided for up to double the
rainfall. However, even including horizontal precipitation to the water budget
does not yield an amount of water anywhere close to the 1000mm that seem
necessary according the climate vegetation charts.
(2) Stemflow contributed at least 11% and (more likely) up to 30% of total incident
precipitation to the water budget on the Gogub field site during the monsoon.
Stemflow may lead to increased infiltration around the stem and to
heterogeneity of soil moisture with higher saturation and deeper infiltration of
water close to the stem, rather than further away. The length of the growing
season seems to be limited by soil storage; therefore, increased soil storage
around the roots clearly would prolong the growing season. As will be shown in
more detail in Chapter 6, infiltration depth plays a crucial role for the
performance of trees in Dhofar. Therefore, the relatively high amounts of
stemflow may be an essential factor for tree survival.
(3) Precipitation intensities are low; therefore, little water is lost to surface runoff
during the khareef.
(4) The permanent cloud cover works to diminish evaporative demand and increase
stemflow and throughfall by moistening the canopy, both factors facilitating
deep infiltration of water. During the monsoon cloud cover is almost constant
(90%), the evaporative demand is low, and, although precipitation amounts are
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small, most water is available for infiltration. Interruptions of cloud cover, such
as in the transition zone during the beginning of the khareef (in July 2004), led
only to intermediate soil moistures, since water is removed from soil storage at
the same time as it is filled through transpiration and soil evaporation. It is
only when cloud cover completely closes that soil moisture reaches high values
down to deep layers. Clouds also work to constantly moisten the canopy and
facilitate high stemflow and throughfall fluxes. Canopy storage is by then
already partly filled, inducing stemflow and leaf drip early after the beginning
of a precipitation event.
While the first factor (horizontal precipitation) acts on increasing total available
water in the water balance, the other three act on channeling water quicker to soil
storage, facilitating deep infiltration and therefore making more water available for
transpiration after the monsoon. Moreover, the deeper that soil storage is filled, the
more transpiration of plants with deep roots is favored (i.e., trees have an advantage
compared to annual grasses) and direct soil evaporation is diminished.
The time shift between the filling and emptying of soil storage plays an
important role for the low water requirement of this forest. In this system the
growing season is partitioned into three periods. During the first period (the
khareef), incoming radiation is low, relative humidity is high and both potential
evaporation and transpiration are small. This is the time when soil storage is filled.
In the second period, after the khareef season ends, incoming radiation is high,
relative humidity is low and evaporation demand is high. Transpiration readily
follows the evaporation demand. During this time the soil storage is emptied (an
exception in 2004 is the cyclone event on September 30). The third period is marked
by stressed transpiration, where sap flow decreases together with soil moisture and
transpiration does not follow the evaporative demand as in the second period. The
end of the third period is reached when all leaves are shed.
The main source of water for the plants sampled in this region was the khareef
rainfall in summer. Although the cyclone in 2004 brought throughfall of about 40%
of the total khareef throughfall, it was not sufficient to increase soil moisture in
deeper layers to the same saturation level as they had reached during the monsoon,
and the partial increase was consumed in 2 weeks. However, the event led to
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substantial surface runoff that may infiltrate and lead to groundwater recharge
further downhill. Winter precipitation had a dramatic influence on plant
transpiration in December 2004, although it only slightly touched the soil moisture
in the uppermost soil layers and did not induce any stemflow. Interestingly, the
event induced a second leaf flush. Although soil moisture was already very low and
had already led to substantially reduced sap flow values, sap flow did now rise again
to values that were comparable to well watered conditions. The event was
accompanied by relatively high values in potential evaporation, which may have
contributed to the high transpiration rates observed. Winter precipitation may have
a triggering influence for leaf growth, but it does not contribute to the filling of the
soil storage.
Our observation and analysis show that the forests in Dhofar may gain
additional water from horizontal precipitation, but more importantly they also do
not need as much available water as predicted from a climate-vegetation charts.
This is because water losses are minimized through an apparent adaptation of
plants to cloud stripping (channeling of stemflow to the ground) and through the
presence of clouds (low evaporative demand and moist canopies coinciding with the
moist season), which allows for effective filling of soil storage. The soil storage
facilitates the prolongation of the growing season far beyond the end of the wet
season (additional 3 month). The forest thrives in a well-defined niche that is
strictly linked to cloud presence. It therefore completely fulfills, although it is
deciduous and not evergreen, the definition of a cloud forest as stated at the
beginning of this chapter.
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Chapter 4
The Biosphere Model
4.1 Introduction
The following chapter gives details about the model used for the numerical
experiments presented in this thesis. We used a slightly altered version of the
Integrated Biosphere Simulator (IBIS, Foley et al., 1996). IBIS is dynamical
vegetation model that links both the evolution of soil moisture in the rooting zone,
and atmospheric conditions, to plant performance. The model was intentionally
developed to allow for dynamical vegetation modeling, that is the vegetation
properties are not only defined as a function of environmental conditions, but they
also evolve when environmental conditions change. In the following chapters we use
this feature to investigate expected vegetation cover in Dhofar given the climate
conditions observed in Gogub, and examine the vegetation sensitivity to changes of
environmental conditions.
In the following section we give a conceptual overview over IBIS and modeling of
dynamic vegetation in general. We will then briefly present the general features of
the model. The model was modified with regard to the representation of the rooting
profile and water uptake. Those alterations are presented at the end of this chapter.
4.2 The Basic Concepts
Climate has been related to vegetation distribution for centuries. When traveling
along a latitudinal gradient it is readily apparent that plant communities change
characteristic fashion and that plants in a given environment share certain
anatomical features. It is much harder to judge, if and how the observed pattern is
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related to general physiological processes that define the geographical distribution of
certain plant forms. This problem is related to a number of rich and still ongoing
fundamental discussions, like the origin of biodiversity, the distribution of niches
within a plant community, the optimality of plant form and function for a given
environment, the plasticity of species etc.
Different strategies of relating plant distribution to the environment yielded in
two different modeling approaches, which are both incorporated in the present IBIS
(Foley et al., 1996) model. The first kind are equilibrium models, which are based on
the idea that observed vegetation has optimally adapted to the current environment,
and the relation between vegetation type and environment can therefore be
deducted from observation. Box (1981, later altered by Prentice et al., 1993)
developed a system based on the hypothesis that vegetation distribution could be
described using those relation between form and function that were involved with
the water and energy exchange of the plant. He postulated those forms to be leaf
type, size and structure, plant structure and photosynthetic habit (mainly
phenology). After defining about 100 ecotypes according to their physical
appearance he associated each with a range of climate values (precipitation,
temperature) and therefore defined their potential distribution as a function of
climate. The modified version by Prentice et al. (1993) has only 13 ecotypes (PFTs)
and besides climate conditions they are also related to plant water availability and
therefore soil properties. Prentice et al. (1993) estimated the distribution of the
developed ecotypes for the whole world, based on climate predictions and soil
properties. Comparing the result with observation (Olson et al., 1983) showed good
agreement.
In parallel to this development biogeochemistry models had been developed that
calculated the carbon and nutrient flow between soil and plants, but for prescribed
vegetation forms and in a constant climate (i.e. CENTURY, Parton et al. 1987, TEM,
Melillo et al., 1993).
Foley et al. (1996) were the first to combine those two approaches in a single
model: the Interactive Biosphere Simulator. The connection is made using a Surface
Vegetation Atmosphere Transfer Scheme (SVAT), which would provide for the
calculation of water and energy exchange with the atmosphere (and therefore
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realistic information on turbulent flux above of the canopy) and a scheme for soil
moisture flux (which would interact with transpiration loss at different soil depth).
In IBIS the occurrence of certain plant functional types (PFTs) is pre-defined
according to average, minimal and maximum temperature limits (equilibrium
model), and the potential in-habitants would compete for resource allocation within
the framework of a biogeochemistry model. Competition between the upper and
lower canopy is based on the hypothesis on resource partitioning between trees and
grasses with regard to light and water (e.g. Eagleson and Segarra (1985)).
The new model, predicts the distribution of characteristic plant communities in a
process based way that allows for dynamic interaction between the abiotic
environment and vegetation. IBIS simulations on energy and heat exchange over
deciduous and coniferous vegetation compared well with observations (El Maayar et
al., 2001), and its ability to reproduce worldwide vegetation distribution has been
shown by Kucharik et al. (2000). The model was initially developed to serve as a
more sophisticated SVAT scheme for coupling with atmospheric models, but has
recently been used for hydrological applications to investigate vegetation
distribution in Savannas (Kim and Eltahir, 2004) and river discharge in the Amazon
(Coe et al. 2002).
4.3 Model Structure
A detailed description of IBIS is given in Foley et al. (1996) and Kucharik et al.
(2000), the most important aspects are repeated here. IBIS is a one dimensional
point model. It models two vegetation layers (upper and lower canopy) and a
varying number of soil layers. The vegetation itself is differentiated in plant
functional types (PFT's), which differ in basic physiognomy (trees, shrubs, herbs),
leaf form (conifers, broad leaf) and leaf habit (deciduous, evergreen) and
photosynthetic pathway (C3, C4). Each of the PFT's are attributed a number of
physiological parameters and properties, like rooting profile, stomatal conductance,
allocation of carbon within the plant etc. Throughout the simulation the PFT's
compete with each other to secure the limited resources: Light and water.
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IBIS operates in four modules: (1) land surface module, (2) phonology module, (3)
carbon balance module, (4) vegetation dynamics module. Figure 4-1 gives an
overview over the interaction between these modules. The land surface module
computes the water, energy, momentum and carbon fluxes on an hourly basis. Each
day the phonology module determines the state of deciduous and non-deciduous
plants according to the season. At the end of the year the carbon balance module
integrates the net plant carbon assimilation as sum of photosynthesis and
respiration and derives leaf area index (LAI) and biomass for different plant
physiological types. Those plant physiological groups compete for light and water
and as a result the vegetation dynamics module outputs the state of the vegetation
(type and biomass) as a function of changing environmental conditions.
atmospheric forcing
gross photosynthesis
Land Surface Module Carbon Balance Module
time step: 1 year
annual carbon
balance
Vegetation Dynamics Module
time step: 1 hour time step: 1 year
da I temperature and vegetation structure
daily photosynthesis and biomass
Vegetation Phenology Module
time step: 1 day
Figure 4-1: (adopted from Foley et al., 1996). Framework of IBIS.
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Land Surface Module - hourly
IBIS calculates the water, energy and momentum flux above the canopy as a
function of the aerodynamic and radiative properties of the different vegetation
layers and given climate conditions. Rainwater is channeled through a cascade of
leafs and stems through the upper and lower canopy (allowing for interception loss)
before it reaches the ground for infiltration. The soil water movement is equally
one-dimensional and based on Richards Equation. In this work the lower boundary
is specified to be either impermeable rock (no drainage) or free drainage. Water
removal from the soil is either through drainage out of the lower boundary, via
transpiration (distributed over the soil layers according to a rooting density function
and water stress from each layer) or direct soil evaporation from the first soil layer.
Incoming shortwave radiation is separately calculated for direct and diffuse
radiation and at two different wavelength bands (0.4-0.7pm and 0.7-4.0 pm),
assuming transfer equations for each vegetation layer. Longwave radiation is
calculated assuming each canopy level as a semitransparent plane and taking into
account canopy temperature and leaf density. The model also incorporates the
estimation of carbon uptake though stomata, photosynthesis, using simplified
Farquharr equations and maintenance respiration.
Phenology Module - diurnal
Different PFT's assume different strategies of leaf display. In this model cold
deciduous trees shed leafs when a certain temperature margin is passed and
drought deciduous trees are forced to shed their leafs at least during the two least
productive month per year, which usually occur when the soil is driest.
Carbon Balance and Vegetation Dynamics Module - annual
The competition between plant functional types is defined by their ability to allocate
resources. The model uses a hierarchical approach to resources allocation, light
availability is highest for the upper layer (trees), who shade plants in the lower layer
(grasses). On the other hand soil water availability depends on root distribution,
usually it is assumed that grasses have shallower roots than tress, which gives
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grasses first access to water entering the soil, but trees prolonged access to deep
water storage.
At the end of the modeling year for each plant functional type the Carbon gain
(from photosynthesis) and Carbon loss (from respiration) are added from the hourly
values which finds the total annual Carbon that has been lost or gained to the PFT.
This carbon is then distributed to leafs, roots and wood biomass, where the
distribution fractions are specific to the PFT. Here lies another, and rarely
mentioned, competitive advantage of grasses as compared to trees in that they do
not need to invest in wood biomass, but distribute carbon only between roots and
leafs. Therefore grasses reach higher leaf area indices at the same level of net
primary productivity.
In this model, the amount of carbon that each of the plant functional types
succeeds to acquire, determines the existence of the plant functional type in the next
year. In nature the involved processes responsible for the existence of a plant in an
ecosystem are more complex. Plant survival and establishment depends also on
other processes and factors that IBIS does not take into account, such as
colonialization or successional state of the system, for example. This has
implications for the temporal development of vegetation in IBIS.
4.4 Modification of the Water Uptake
Profile
The model was changed with respect to representation of rooting profile and rooting
depth. In IBIS the water uptake from soil layers is weighted according to the
amount of roots present in a certain layer as compared to the total amount of roots.
In the original version IBIS assumes a prescribed rooting density (different for trees
and grasses) according to Jackson et al. (1996) as follows:
Y =1pd (4.1)
Y describes the total root biomass above the depth d (in cm) at which Y is evaluated;
j8 is a numerical index for rooting distribution. The shape and parameters of the
rooting density function is adopted from Jackson et al. (1996) and Canadell et al.
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(1996), who determined common rooting density functions according to observations
from different parts of the world and various ecosystems. j8 has values very close to
unity (,=0.95-0.975 grass, 8=0.97-0.985 trees). The water uptake profile (W,,) is
derived by differentiating Y to find the portion of roots in each soil layer, and
multiplying it by a stress function. The stress function (SF,) depends on the plant
available water in each soil layer, i.e., the amount of pore water above the
permanent wilting point. Y is differentiated numerically, where the increment is
given by the thickness of the soil layer (dn, u, dndown, depth of the upper and lower
border of the soil layer n). The proportion of water uptake from each layer (Wap,n)
becomes
W.,n = (Y -Y,,, , )-Sn (4.2)
This approach makes a number of important assumptions, two of which are:
(1) the rooting profile is a universal characteristic of a plant functional type
and independent of abiotic factors like soil type
(2) the observable biomass distribution of roots is directly proportional to the
profile of water uptake.
An important implication of this approach is that this rooting profile assumption
does not allow for deep-rooted plants to explore deep soil layers, even if the soil is
deeper and even if those deeper layers contain valuable water. Yet, it has been
shown that the same plant species can have shallow or deep root distribution
(Lehmann, 2003). Therefore, with this model, it is not possible to investigate the
influence of changing soil depth/rooting depth on water availability for plants. It
would not matter, if we assumed shallow or deep soils; rooting density profile, and
therefore the water uptake profile would not change. However, in the light of
Lehmann's (2003) observation, it is desirable to enable trees in the model to use
water from deeper layers, if it is available.
We therefore changed the original representation of rooting density for the above
reason, and in order to allow for the sensitivity analysis on the influence of changing
soil and rooting depth to competition (performed in Chapter 5). The new
parameterization is focused around the water uptake profile itself. It is simpler and
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more flexible. In correspondence with the rooting density above, the uptake
distribution would look as follows:
d
D
where D is the maximum rooting depth. The maximum rooting depth depends on
the growth form and the available soil depth, in this work we assumed D = 1m for
lower canopy PFTs (grasses) and D is assumed equal to the soil depth for upper
canopy PFTs (trees). W2, is than calculated according Eq. 4.2.
The proposed approach implies that plants exhibit a constant water uptake
profile. Figure 4-2 compares Y and Wup calculated from the simpler model to the
ones from Jackson's et al. (1996) model. The water uptake profiles are quiet
different: For both trees and grasses the simpler model assumes less water uptake
in the upper layers and higher water uptake in the lower layers. How much water is
eventually retrieved from each layer depends on a combination of Wau, the water
content in a given layer and on transpiration rate from the specific PFT. If we were
only to model a single soil layer this approach would correspond to a simple bucket
model.
Our new assumption of rooting depth (Eq. 4.3) is much simpler than the original
(Eq. 4.1). Simplification is in the spirit of one of the main recommendations by
Feddes et al. (2001) on improving root representation in SVAT schemes. They
propose to prefer simple models as long as the water in the rooting zone is made
available to the plants. This is the case here. At the same time our new
representation transfers roots from the shallow to the deep layers, as compared to
the original representation. In SVAT schemes contribution of shallow root water
uptake has been considered overestimated and deep root water uptake
underestimated (Jackson et al., 2000, Feddes et al., 2001), such that the implied
shift of the water uptake profile from shallow to deep layers is a positive side effect
of our simple and flexible root representation.
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Figure 4-2: Rooting density function (left) and corresponding water uptake
profiles (right) plotted for tree (solid line) and grass (dotted) for (a, c) model by
Jackson et al. (1996), with 1=0.72 for tropical grassland/savannah and #=0.82 for
tropical deciduous trees, and (b, d) the simple assumptions used for this research,
The example plotted is for a soil depth of 2m, maximum rooting depth for grasses is
1m.
4.5 Model Limitations
The definition of ecotypes for equilibrium models implies somewhat the optimality
principle; that is observed systems are optimally adapted to current conditions, and
therefore the same environmental conditions (now ignoring vegetation-climate
feedbacks) would eventually lead to the same vegetation on any place on earth (even
on a different continent). Further, the PFTs as used in IBIS are defined such that
some vegetation types cannot occur at the same place. This greatly limits the
number of possible vegetation-vegetation interactions within an ecosystem.
Moreover, predicting biogeochemical approaches for a certain plant functional type
implies a great deal of simplifications: species are removed, age structure is
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removed, and individual plasticity is removed. As Moorcroft (2002) rightly points
out, the resilience of an ecosystem depends a great deal on its diversity in a number
of senses, like species richness, age structure and successional stage. Also when
ecosystem changes are predicted, they depend in reality on migration of species,
which are effects that are ignored here. We may take modeled vegetation changes
therefore rather as an inclination of the ecosystem to make place for another ecotype
than assuming that the exact timeline of this change could be predicted.
Finally, because they were often developed for certain purposes different
biogeochemical models use different methods and assumptions to calculate net
primary productivity and Carbon exchange. As a result they may also react
differently when exposed to control runs. This has been particularly frustrating for
the modeling of increased C02 levels (VEMAP, 1995, Bachlett et al. 2003), where
different models predicted trends of opposite sign. Both equilibrium and
biogeochemical models are based on semi-empirical relationships that are validated
from observation. While the presently observed climate delivers data-points under
various environment conditions, the work on physiological consequences of increased
C02 is still ongoing, which explains the uncertainty of those particular simulations.
However, the emphasis on in this project is on the relationship between climate and
predominant vegetation cover. Most models predict the important features of
potential vegetation under current climate well (VEMAP, 1995, Bachlett et al. 2003),
which gives confidence in their ability to capture the essential functional
relationships between climate and vegetation-cover that the presented research
relies on.
Finally, IBIS does not take into account influence of nutrients on plant
performance, but only looks on water and light as a limiting resources. Generally
speaking the soils in Gogub showed exceptionally high earthworm activity, which
may indicate that the soil is well provided for with nutrients. However, it would be
interesting to expand on the presented results with investigations regarding
nutrient availability and uptake in future research.
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4.6 Summary
The Biosphere model is a dynamic vegetation model, which allows to model energy,
water and carbon fluxes between the atmosphere and the vegetation. The model
allows for competition between a limited number of plant functional type. It allows
therefore estimation of expected vegetation cover in a certain environment at
equilibrium, as well as investigation of the change of vegetation cover with changing
environmental conditions. The original model was modified with regard to rooting
depth, in order to allow for a sensitivity analysis on the influence of rooting depth to
plant survival presented in Chapter 6. The model will serve to understand the
sensitivity of the vegetation in Dhofar to abiotic factors like cloud presence, soil type
and soil depth.
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Chapter 5
The Role of Cloud Cover in
Forest Survival
5.1 Introduction
The field experiment described in Chapter 3 provided hydrologic data of a forest
patch within the Dhofar forest. The following modeling study is aimed at expanding
on that knowledge. With the model experiments presented in the following chapters
we investigate how sensitive the ecosystem is to abiotic factors like soil properties
and soil depth as well as to changes in environmental conditions like cloud cover.
The observed climate conditions in Gogub will be used as input to the model.
The following modeling analysis focuses on two experiments. First, IBIS was
forced with hourly input data measured in Gogub, and with a simplified cloud cover
of 100% during the whole khareef period. This experiment was designed to validate
the model and it shows that IBIS is capable of simulating the vegetation in Gogub
(deciduous forest), as well as the observed pattern of soil moisture conditions and
transpiration. The second experiment used the same forcing, but instead of 100%
cloud cover during the khareef we assumed a cloud-free sky, thus allowing for higher
net radiation, with otherwise unchanged environmental conditions. For this
scenario we find that the soil storage is filled less efficiently, the growing season is
shortened, and grasses dominate the equilibrium vegetation. These experiments
highlight the importance of cloud cover for reducing total available energy during
the growing season, and for providing the distinct periods of filling and emptying of
the water storage as described in Chapter 3.
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5.2 Model Input
Overview
Ibis uses two different types of input data: time series of meteorological data and
invariant data that describes the vegetation and soil environment. Table 5-1 gives
an overview of the model input and values used. Elevation and latitude correspond
to the location of the climate station in Gogub. For meteorological input we used
collected data at our field site in Gogub. The measurements were carried out in
15min intervals. The values of the measured time series were therefore averaged or
accumulated (depending on type of data) to hourly values (the time step at which
IBIS solves for surface water and energy balance). For this model we used
meteorological data from a single year and repeated it for 500 years. The time series
used in all following model experiments starts September 1st 2003 and ends August
3 1"t 2004 as plotted in Figure 5-1. Fractional cloud cover was assumed to be 100%
during the khareef (June 15-September 15), and 0% cloud cover at any other time of
the year. For the cloud free scenario the cloud cover was 0% for the whole year.
Missing Data
As noted in Chapter 2, the time series has periods with missing data. Missing data
were replaced with values from the immediately preceding period. The longest such
period is two weeks, with none occurring during the change between dry and khareef
season. The whole set of climate input was replaced, even if only one variable was
missing. Replacing an observed time series for missing data was chosen above
statistical approximation in order to maintain the integrity of the climate
observation. For example, as shown in Section 3.3.1, dew point temperatures are
related to wind speed and direction, and precipitation only occurs when winds are
from the south, and therefore dew points are also low. The main objective was to
create a realistic time series and it seems that the repetition of actual observed
values best serves this purpose. The resulting time series are plotted in Figure 5-1.
The periods of missing data are marked in solid yellow, and the preceding periods
that were used to replace these missing data are marked in transparent yellow.
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Table 5-1: Overview over input for all IBIS model runs,
in this research, unless explicitly stated.
for all simulations done
Required input Values used Source
Meterological Data
wind speed hourly from 15min means
temperature Aug 31 2003 - Aug 30 2004 Gogub measured
relative humidity (missing data replaced as
described in text)
hourly accumulated net based on throughfall
precipitation (corrected for time series, and included
precipitation enhanced infiltration from stemflow based on Eq.
stemflow, see text for details.) 3.1, measured in Gogub
fractional cloud 100% June 15-September 15 timing based measuredincoming shortwave
cover 0% any other time radiation
Data describing the physical environment
3 different types used
soil types defined as:
soil type % sand Silt clay
sand 92 5 3
sandy loam 65 25 10
silty clay 10 45 45
variable in this study between
soil depth 0.5-6m
elevation above sea 415m elevation of Gogub from
level topographic map
latitude 170 latiude of Gogub from
topographic map
Initial conditions
soil moisture 0 = 0.16 in all layers
vegetation type drought decidous forest
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Figure 5-1: Model input for wind speed (top), temperature (second from top),
relative humidity (second from bottom) and precipitation (bottom). The input are in
hourly averages, whereas here only the daily averages are plotted and the red line
on top and blue lines indicate the maximum and minimum of the hourly time series.
Marked in yellow solid are missing value periods, they were replaced with
immediately preceding periods (marked in transparent yellow).
Estimation of Precipitation for Model Input
For the case of Gogub the precipitation input series needs to reflect the total
available water below the canopy, which needs to include (1) horizontal precipitation
and (2) enhanced infiltration in proximity of the stem as a result of stemflow. In
order to address the first issue we used estimated a net precipitation time series,
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and which includes measured throughfall and estimated stemflow as shown in the
next paragraph.
Concerning the second problem: Stemflow has been shown to infiltrate within a
small radius around the stem (Pressland, 1976), which leads to higher "effective
precipitation" in near the stem, where tree roots have water access. This is because
stemflow was calculated from the collected volume by referencing it over the area of
the plot. This procedure assumes that stemflow was evenly distributed over the
whole plot area. However, if the stemflow volume infiltrates within proximity of the
stem, then the actual area over which the stemflow volume is distributed may be
smaller than the plot area. Figure 5-2 depicts this concept. The contribution of
stemflow is enhanced locally, such that
SFAOC = i"f -SF = fnf -SF, (5.1)
where SFioc is the enhanced stemflow and SF is the area average amount of
stemflow, Aplot is the area of the field site in Gogub and Ainf is the area within which
stemflow is infiltrated. Assuming that the water running down the stem infiltrates
within a circular area with radius rinf around each stem, Ainf is
Ain, =nree 2ri,, (5.2)
Where ntree is the number of trees within the experimental plot. In other words: SF
is the hydrological water flux from stemflow (volume/plot area) and SF,c is the
amount of stemflow that is effectively available on the ground for infiltration and
plant use. SF and SFinf differ by the ratio (finf) between the area of the field site and
the total area active for infiltration. IBIS is a one-dimensional model and it does not
allow for modeling of horizontal heterogeneity of infiltration or soil moisture. For
proper modeling of plant performance, it is important to capture the enhancement of
available stemflow in proximity of the stems (where water would naturally be taken
up by plants), and it is less important for plant development that the soil be drier in
distance from the trees. We therefore choose to force the model with SFoc instead of
the SF values calculated in Chapter 3 (Equation 3.1). Therefore the amount of
precipitation that the model will be forced with is calculated as follows:
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Pmod = ff -SF + TF, (5.2)
where TF is the estimated throughfall from measurements in Gogub (Equation 2.20)
and SF is the stemflow estimated according to Equation 3.1.
Our field site in Gogub is 86m 2, and has 25 trees. If all water from stemflow
would infiltrate within 0.5m around the stem (as suggested by Pressland, 1976),
then fij = 4.5 on our site. However, we were able to detect an early arrival of the
infiltration front at a distance 1.0m from the trunks (see Chapter 3.3.4), which
indicates that the radius of influence of stemflow is larger than 0.5m on the field site
in Gogub. Assuming infiltration within rinf= 1.0m from the stem would correspond
to fiq = 1.1. We chose to test the sensitivity of the model to a range of enhancement
factors (fin= 1, 2, 3) and compare the results.
stems
hypothetical surface of an experimental plot A plot
2infiltratioin area for stemf low A nf = n tree 2 nrinf
2 rinf
Figure 5-2: Sketch illustrating the difference between surface area of the plot
(Aprit) and surface area active for infiltration (Ainf). Hydrologic fluxes are computed
by referring a volume of water to the surface area (Aprit), whereas infiltration from
stemflow is non-homogenous and occurs only in Ainf.
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The time series of throughfall was constructed the same way as for the other
input; the accumulated khareef throughfall for this series is 200mm, not accounting
for stemflow. Using the regression in Equation 3.1 for each time step (one hour)
yields a time series with a total of 100mm estimated stemflow per year and leads to
a total of 300mm received water below the canopy (net precipitation). This means
stemflow is not enhanced, or the enhancement factor fiqj= 1. Assuming an
enhancement factor of fiq = 2 yields a time series with a total of 400mm, and fin = 3
yields a time series with a total of 500mm net precipitation per year. We conducted
one simulation for each of those amounts and compared the results.
For all of the following simulations we ignored rainfall from cyclones and the
observed low winter rainfall. Cyclones potentially add a great deal of water to the
system, but they occur once in a few years and at varying times of the year, and are
therefore an unreliable water source. Moreover the soil moisture measurements
showed that while the cyclone rainfall had dramatic impact on the uppermost layers,
it had much less of an impact on the lower ones, and it most likely led only to a
prolongation of the growing period by only two weeks. We therefore assumed that
khareef water input has to suffice for plants to survive. The influence of rains like
cyclones or winter precipitation on plant survival is nevertheless an interesting
research question and should be the subject of future research.
5.3 Model Experiments
We conducted six model experiments overall. We first forced the model with
precipitation time series with total annual precipitation values of 300mm, 400mm
and 500mm as described above. The cloud cover is assumed to 100% during the
khareef and for meteorological input we used the measured time series from Gogub.
These three simulations should show a water balance and vegetation type similar to
the observed one in Gogub. An overview of the input data for this experiment is
given in Table 5-1 and the input time series are plotted in Figure 5-1.
The second case is the same as the first one, except that the cloud cover was
completely removed (assuming 0% cloudiness every day of the year). We conducted
the same experiments with the same varying annual precipitation as above. Note
that cloudiness only influences the total available energy. The low temperatures
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and high relative humidity during the khareef were preserved as in the first
experiment, although such meteorological conditions are unrealistic. This model
experiments serve to underline the importance of the radiative properties of the
cloud cover by reducing net radiation and therefore energy available for
evapotranspiration.
All the following model experiments assumed 3.Om deep sandy loam, free
drainage and are integrated over 500 simulated years. Vegetation types were in
equilibrium after this period in all cases. The annual net primary productivity did
not show a trend, but fluctuated in small increments around a constant value.
5.4 Model Results
In the following section we refer to plant performance in terms of the leaf area
indices of the upper (trees) and lower (grasses) canopy respectively. IBIS shows at
equilibrium predominant PFTs for each vegetation layer, which are indicated
together with the corresponding LAIs in Table 5-2 for all six model experiments
performed.
Table 5-2: Overview over LAIs for upper (trees) and lower (canopy) at the end of
model runs with accumulated khareef precipitation of 300mm, 400mm and 500mm,
and for 100% cloud cover during khareef (with clouds), and removed cloud cover (no
clouds).
300mm 400mm 500mm
no enhancement of enhanced SF enhanced SF
SF, finfl=.0 finj=2 .0 finj=3.0
LAI tree LAI grass LAI tree LAI grass LAI tree LAI grass
with 0.44 2.3 1.92 0.25 2.14 0.06
clouds evergreen C4 grass decidous C4 grass decidous C4-grass
without 0 1.9 0 3.57 0.4 4.02
clouds - C4 grass - C4 grass evergreen C4 grass
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5.4.1 Case A: 100% Cloud Cover During Khareef
The results for cases with 100% cloud cover during the khareef (90 days in summer),
are summarized in the upper row of Table 5-2. Tree LAI increases and grass LAI
decreases with increasing precipitation amount. The reason for this behavior is that
grass reaches potentially higher LAIs than trees for similar levels carbon
assimilations, since grasses do not have to invest in wood biomass as trees do.
Therefore when water is scarce, strongly limiting carbon assimilation, trees have a
disadvantage compared to grasses. As more water becomes available, trees become
more competitive and eventually inhibit grass growth. When we force the model
with only 300mm total khareef precipitation (i.e. fiq = 1.0), the equilibrium
vegetation cover is dominated by grass (LAI = 2.3). A small fraction of evergreen
trees (LA] = 0.44) is also found. For the cases forced with 400mm (finf= 2.0) and
500mm (finf= 3.0) accumulated annual precipitation, deciduous trees become the
dominant PFT (as observed in Gogub). Thus the scenarios with 400mm and 500mm
precipitation both reproduce vegetation conditions in Gogub well, whereas the case
with 300mm does not.
The monthly water budget, soil moisture, LAI and net radiation for the case of
400mm accumulated khareef rainfall and 100% cloud cover are plotted in Figure 5-3.
The model captures the main features of the observed hydrology in Gogub well
(Figure 5-3(a)). Filling and emptying of the soil storage happens in two distinct
phases (Figure 5-3(c)). The upper four layers (solid lines) of the soil moisture graph
are approximately sampled with the field experiment. The soil layers in the model
do not dry out much beyond the wilting point of plants. Transpiration is a faster
working sink for water in the soil as compared to vertical flow. When the soil dries
out the hydraulic conductivity becomes small (on the order of K=2 10-9 m/s) and
allows only for very limited drainage. Figure 5-4_compares model output for soil
moisture with measurements made at the field site. To help visual comparison we
referenced the model values in the same fashion as the measurements are
referenced (Eq. 2.18). Thus both plots are in terms of SM*. Examination of Figure
5-4 shows that model prediction and field observation match closely. An exception is
the increase of soil moisture at the field site as a result of strong cyclone rain in
2004. The model is only forced with khareef precipitation and therefore modeled
SM* in December, is lower than the observed one.
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Figure 5-4: Soil moisture expressed as referenced value SM* (Eq. 2.18). (a)
prediction from IBIS simulation, expected conditions in Gogub, 100% cloud cover
during the khareef, 3m deep sandy loam with free drainage boundary condition, and
400mm annual net precipitation (b) measured in Gogub (January through
December 2004).
The plot of net radiation (Figure 5.3(d)) shows that available energy is strongly
decreased during the khareef, therefore limiting the total amount of energy available
for evapotranspiration. As a result transpiration is, as observed in Chapter 3.3.5,
suppressed during the khareef season and reaches a maximum just after the end of
the khareef in September and October and declines steadily afterwards reaching
values close to zero in January. Similar to transpiration, direct soil evaporation is
suppressed during the khareef. However, soil evaporation does not reach a
maximum after the khareef like transpiration, since the upper soil layers dry out
fast, and soil evaporation ceases.
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5.4.2 Case B: 0% Cloud Cover During Khareef
The results for the three model experiments without cloud cover during the khareef
are summarized in the lower row of Table 5-2, and the overview of the monthly
water budget, soil moisture, LAI and net radiation for the last year of the simulation
is plotted in Figure 5-5. In all three cases the vegetation is dominated by grassland.
The experiments forced with 300mm and 400mm precipitation show no occurrence of
trees at all (tree LAI=0.0). Only the experiment forced with 500mm precipitation
result in trees. For this case a thin evergreen tree canopy (tree LAI=0.4) is found.
Tree LAIs found for the 500mm case compare with the 300mm precipitation scenario
in case A, suggesting that in order to achieve similar vegetation conditions with zero
cloud cover, about 200mm more precipitation is needed. Note that the only
difference between case B and case A above is in the radiative properties of the
clouds. All other environmental conditions, such as precipitation, temperature and
even relative humidity, are the same. The removal of clouds only changes the
amount of total available energy. Without presence of clouds, the maximum
available energy is in to July and August (Figure 5-5(d)). Thus most energy is
available for evapotranspiration at the same time of year when precipitation occurs.
As a result, water is removed from the upper soil layers by both transpiration and
evaporation during the wet season itself (Figure 5-5(c)). Both contribute to keeping
the water content in the upper soil layers low, and little water is available for
infiltration to the lower layers. The water content of the lower layers is somewhat
higher than in the upper ones, because the grass roots only reach 1.0m depth and
cannot make use of the water in the lower layers for transpiration. Yet, there is not
enough water available to allow for tree growth, although some water is stagnant in
deep layers.
5.4.3 Comparison between the two scenarios
In case A (100% cloud cover during the kharee/) transpiration is low during the
khareef and peaks only after the clouds have disappeared (Figure 5-3(a)), in the
second case B (0% cloud cover), transpiration peaks during the monsoon season itself
(Figure 5-5(a)). This corresponds to the canopy development during the same time,
expressed in LAI. In the first case trees dominate the vegetation. They grow during
the monsoon and have leaves until December, long after the monsoon has ended
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(Figure 5-3(b)). In case B (0% cloud cover) the canopy is entirely composed of
grasses, which are in leaf only during the monsoon and die off as soon as the rain
period is over (Figure 5-5(b)).
Between the scenarios, the annual cycle of net radiation is nearly reversed. In
case A the maximum of available energy occurs just after the khareef, and the
minimum during the khareef (Figure 5-3(d)). Little energy is available for
evapotranspiration during the time when the soil storage is filled. In case B the
maximum net radiation occurs within the khareef season and the minimum occurs
in winter (January and February, Figure 5-4(d)). Thus a great deal of energy is
available for evapotranspiration during the wet season when the soil storage is
filled. As a result in case B soil moisture is generally lower and there is little deep
infiltration, although the same amount of water entered the soil as in case A. When
clouds are present during the khareef, soil infiltration is deeper and water is stored
in the lower layers, where it is protected from soil evaporation and out of the reach
of shallow-rooted plants (grass). This water is available for transpiration of deep-
rooted plants (trees), during the period of high evaporative demand after the
khareef.
Transpiration is closely related to the productivity of plants. Total annual
transpiration in case A is 343mm (85% of available water) and 287mm (71% of
available water) in Case B. The difference is accounted for by direct soil
evaporation. This implies that plants transpire more water and thus assimilate
more carbon in the cloudy case as compared to the cloud free scenario. In other
words, the cloud cover makes the system water conserved in that it allocates water
more efficiently to plants.
5.5 Summary and Conclusion
We conducted model experiments with IBIS for observed environmental conditions
in Gogub and showed that the model captures the observed annual cycle of soil
storage filling and emptying as well as transpiration. When 400mm and 500mm
accumulated khareef precipitation is assumed, the model simulates equilibrium
vegetation dominated by deciduous broadleaf trees as we find them in Gogub.
However, when we use 300mm, the vegetation is dominated by grassland. These
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results are likely due to following reasons. First, the IBIS parameterization used for
different vegetation types is generalized and does not take into account adaptation
of a certain species. It is therefore possible that the endemic trees of Dhofar are
adapted to local conditions in such a way that they are able to survive with only
300mm of available water, and IBIS would likely not be able to reproduce such a
specific effect. Second, stemflow increases the infiltration rate locally around the
stem, in the area where roots have water access, such that trees likely "feel" a locally
higher effective precipitation than a total of 300mm, which assumed no stemflow
enhancement. We showed in Section 3.3.4 that the wetting front was detected
earlier at locations closer to the nearest stem than at greater distance (Figure 3-9).
This fact clearly hints at an enhanced infiltration rate in near to stems. The amount
of 400mm and 500mm khareef precipitation took this effect into account, and both
scenarios reproduce the observed conditions in Gogub.
The model showed that available energy during summer decreased to 30% when
clouds were present (Figure 5-3(d)) as compared to a cloud-free scenario (Figure 5-
5(d)). For the case with 100% khareef cloud cover, evaporation and transpiration are
suppressed during the khareef and soil storage is filled as observed. The soil storage
is only slowly emptied after the khareef is over and the growing season continues
until December, as observed. On the contrary, in the cloud free scenario the cycle of
filling and emptying of the soil storage is not simulated. The deep soil water storage
is not filled during the monsoon, since plants remove water quickly from the
uppermost layers while they are still being filled. Only very little water is available
for deep infiltration. As a result no tree cover is modeled for a cloud free summer,
which confirms that the protective cover of the clouds has substantial impact on
available radiation, and is an essential factor for tree survival in Dhofar.
The results from this chapter show that the radiative properties of the cloud
cover play an important role for tree survival. The cloud cover lowers available
energy and therefore inhibits evapotranspiration during the khareef season. As a
result, water percolates to the deeper soil layers, where it is out of the reach of
shallow rooted grasses and protected from direct soil evaporation. Therefore the
cloud cover provides for a water reserve in the deep soil that is exclusively accessible
to trees and which allows for a prolonged growing season after the end of the
khareef.
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Chapter 6
Role of the Soil Environment
in Controlling Forest
Survival
6.1 Introduction
As shown in Chapter 5, the soil storage plays an important role for the survival of
trees in the cloud forests of Dhofar. It is the soil environment that controls the time
lag between receiving (precipitation during the khareef) and using (transpiration
after the khareef) of water that makes the system water conservative.
In the model experiments of Chapter 5, it was assumed that the soil depth is
three meters, however in nature soil depths vary and may limit available soil water
storage. Therefore suitable places for reforestation could probably be pre-
determined by soil environment. Soil types may also vary at different locations.
Porosity of the soil influences the water retention and the permanent wilting point
of the soil, and therefore specifies the amount of water available to plants.
Another influence of soil type on plant available storage is the water release
curve, which specifies how the hydraulic conductivity of the soil changes with water
content. When soil dries out, water flows very slowly within the soil, and
transpiration usually is a more significant than drainage in removing water from a
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given soil volume. In semiarid environments this aspect gives roots a good chance to
capture a great deal of water before it flows out of their reach. Once infiltrating
water has percolated below the rooting zone the water is "lost" from the perspective
of plants. We expect that plants in an adapted ecosystem would try to make use of
most of the infiltrating water and therefore have a rooting depth that enables them
to capture as much water as possible. Since water retention (and therefore
infiltration rate) depends on the soil type, plants may show a different rooting depth
in different soils. In other words, a plant with a predefined rooting depth (annual
grasses, saplings) should perform better in one soil type compared to another.
This chapter begins with a literature review of the influence of soil type and
rooting depth on plant performance in water limiting ecosystems, and of modeling
rooting depth in SVAT schemes and vegetation models. We will then perform a
sensitivity study with IBIS on the influence of soil type, soil depth and the lower
boundary condition (free drainage or impermeable) on the predicted performance of
trees in Dhofar (expressed in LAI). We show that at different soil types, different
rooting depths lead to maximum tree LAI and that these are the rooting depths that
are just deep enough for the plants to capture all the water that entered the soil (i.e.
drainage is zero). For example, since coarse soils drain faster than denser textured
ones, this rooting depth is deeper for sands than for clay loam. We also show that
this optimal rooting depth depends on the local climate as defined by parameters
such as the fractional cloud cover and the total rainfall. In the discussion of the
results we propose to re-consider the current term "plant available water" (pore
water content above the permanent wilting point) for vegetation models. This term
has no notion of vertical extension and therefore provides incomplete information on
how much water is within reach of the plants.
The presented findings have practical implications for the identification of
suitable re-forestation sites in Dhofar, as saplings (for example) have shallow
rooting depth and limited ability to access deep soil water. In Gogub, trees usually
reproduce through outcropping of new stems from older trees or fallen branches,
which may be related to the fact that they still have to establish deep roots before
they can survive independently. On a different subject, the following results
underline the important role of rooting depth for plant performance in dynamical
vegetation models such as IBIS. While rooting depth depends on many more factors
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besides water availability (especially nutrients) the assumed rooting profile pre-
determines transpiration and the outcome of competition between PFTs a great deal,
and therefore warrants careful attention.
6.2 Literature Review
The processes that are investigated in this chapter have been qualitatively described
by Noy-Meir (1973). He observed that:
'.. in coarse-textured soils more water is generally lost by drainage (deep
percolation) beyond the root zone. However, it is characteristic for the
water balance in arid zones that the depth of wetting by prevalent rains is
normally not greater than the rooting depth. Hence all soil moisture is
evaporated or transpired, and layers beyond that depth are permanently
dry. [..] In most [..] sites in arid regions the term D [drainage, AH] in the
water balance is zero or negligible.
[..]
Throughout the world they [coarse textured soils, AH] support taller and
denser perennial vegetation than finer soils. The same vegetation may
occur at lower rainfall on coarse soils than it does on fine ones."
The following paragraphs give a short review of the literature regarding the
influence of soil texture on water stress, the observational evidence on rooting depth,
and the influence of assumptions on rooting depth to the prediction of SVAT
schemes like IBIS.
Influence of Soil Texture on Plant Stress
The last statement in the above citation by Noy-Meir (1973) is called the "inverse
texture effect", and has been followed up on for example by Laio et al. (2001) and
Fernandez-Illescas et al. (2001). They found that the inverse texture effect could be
explained by the water stress that plants suffer between rain events, using the
expression for dynamic water stress developed by Porporato et al. (2002). Besides
the wilting point (the suction at which plant wilting occurs) they defined a point S*
on the water-content-suction curve. When the soil dries out S* is the suction at
which the transpiration starts to be stressed, i.e. it is limited by soil moisture.
Because of the different shapes that the suction to water content curves of different
soil types assume, the suction S* is reached at lower water contents in coarse soils
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than in fine materials. Therefore little water input is necessary to induce
unstressed transpiration. On other hand coarse materials also dry out fast, and
therefore S* is crossed frequently. Both the number of excursions into stressed
transpiration and the length of periods under stress are incorporated in the notion of
dynamic water stress. For the environments considered the dynamic water stress
was smaller for coarse than for fine textured soils under dry conditions and dynamic
water stress is smaller on fine soils than on coarse soils under wet conditions, which
is exactly what the "inverse soil texture" effect describes. These findings showed
good agreement with observed vegetation behavior in a short-grass steppe in
Northern Colorado and were useful for explaining co-existence of grass and woody
plants in Texas (Laio et al. 2001, Fernandez-Illescas et al. 2001). The dynamic water
stress applies in systems where the soil experiences substantial drying between
rainfall events. This is mainly in regions where precipitation occurs during the
summer when evaporative demand is high. In a cloud forest, and probably in any
system where evaporative demand is low during the wet season (for example winter
precipitation systems), the excursions below S* would occur less frequently. In our
example, they would occur just once after the khareef. The influence of soil texture
in a cloud forest environment would therefore be of different nature as the one
described by dynamic water stress.
Observation of rooting depth
Maximum plant root depth and controls of water uptake behavior are not fully
understood. Accordingly, these issues are still extensively discussed by plant
physiologists.
How deep plant roots grow in nature and what their exact uptake behavior depends
on is a complex question, which is still intensively discussed by plant physiologists.
Plant physiological textbooks explain that under water limiting conditions leaf
growth is inhibited and root growth enhanced, suggesting that plants actively
explore the soil for limited resources. This mechanism would explain substantially
different rooting depth found for the same species grown in different environments
(Lehmann, 2003). Schenk and Jackson (2002) developed a conceptual model from
observational data that predicts that rooting depths increase if water is available at
depths and if there is transpirational demand for it. Moreover, they predict that
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rooting depth would generally be larger for long-lived life forms like perennials than
for short-lived ones like annuals. They expect the deepest roots in a sub-humid
system, where evaporative demand is just slightly below precipitation. In all other
systems (both more humid and drier) roots should be more shallow. They conclude
that the Walter-hypothesis for resource partitioning between the upper and lower
soil layers is less appropriate in dry climates and most applicable in temperate
climates or climates with substantial winter precipitation. Jackson et al. (2000) and
Sperry et al. (1998) hypothesized that a plant of the same canopy size may need
larger root systems in coarser textured soils, because they have greater infiltration
depths and larger water retention. However, no statistically significant evidence
supports this hypothesis was found from the data used by Schenk and Jackson
(2002).
Modeling Rooting Depth in SVAT schemes
Only recently have modeling studies been dedicated to understanding the influence
of rooting depth in land surface schemes. Mahouf et al. (1996) identified the
extension of the rooting system as one of the major reasons for the scatter between
14 land surface parameterization schemes. Feddes et al. (2001) reviewed a number
of investigations and found significant evidence that roots play a substantial role in
prediction of transpiration and the related energy fluxes. SVAT schemes showed a
tendency to overestimate surface roots and underestimate deep roots (Feddes et al.
2001). Deeper rooting depths result in higher transpiration, especially during the
dry season, when water was limiting evapotranspiration (i.e., Zeng et al., 1998).
When changing rooting depths within the observational uncertainty in the model
BIOME3 (Haxeltine and Prentice, 1996), both net primary productivity and soil
moisture were affected in such a way that they led to a shift of the competitive
balance between PFTs (Hallgren and Pitman, 2000). Finally, Kleidon and Heimann
(1998) developed a method by which they predict rooting depth from optimizing
rooting depth with regard to maximum mean net primary productivity from the ten
year run of a biosphere/soil hydrology model. The new dataset has substantially
deeper roots than commonly assumed, especially in the tropics. When using the new
dataset with deeper rooting depths for a GCM simulation, Kleidon and Heimann
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(2000) found that the climate simulation matched the observation of the seasonal
cycle of surface temperature better than for a control run with short roots.
Summary
Soil texture and rooting depth have been shown to affect modeled plant performance
expressed in water stress or net productivity. The effect of soil texture was
investigated with an analytical model, and the effect of rooting depths was
investigated with an equilibrium vegetation model and SVAT schemes. At the same
time plants seem to be flexible in adjusting rooting depth according to
environmental challenges, suggesting that water uptake profiles are at an optimum
for the given environment (Feddes et al. 2001). Finally, modeled transpiration and
hence net primary productivity in SVAT schemes shows great sensitivity to rooting
depth. The following sensitivity analysis with IBIS therefore assumes a range of
rooting depths and soil textures and investigates the influence of the environmental
conditions on plant performance (expressed in LAI).
6.3 Model Setup and Input Data
The same data was used for input in this model run as described in Chapter 5, and
the precipitation was assumed to total 400mm for the khareef and cloud cover was
assumed to be 100% during the khareef. The simple and flexible assumption for the
water uptake profile proposed in Chapter 4 enables us to change the rooting depth
freely for a sensitivity analysis. In the following study the soil type, rooting depth
and the lower boundary condition (free drainage and impermeable) were varied.
The maximum rooting depth for grasses was set to one meter and for trees it was set
to the assumed soil depth. When the soil depth was smaller than one meter, the
rooting depths of trees and grasses were both determined by soil depth. The lower
boundary condition was either assumed to be free gravitational drainage or
impermeable, as indicated. Model experiments were performed by repeating the
model input (one year) for 500 years and the predictions of the last year are
presented as results. After 500 years, equilibrium had been reached in all cases.
Neither the net primary productivity nor the water budget showed any trend, but
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fluctuated in small derivations from a constant value. An overview over the
performed model experiments is presented in Table 6-1.
Table 6-1: Overview over the model experiments performed for the sensitivity
analysis on soil texture and rooting depth. All experiments were performed for
sand, sandy loam and clay loam.
soil depth
(M)
100% cloud
cover during
the khareef
50% cloud
cover during
the khareef
0.50
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.75
4.00
6.00
0.50
1.00
1.25
1.50
1.75
2.00
2.25
2.50
3.00
4.00
6.00
Lower
boundary
1-free drainage
0-no drainage
0, 1
0, 1
0
0
0
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
0, 1
1
1
1
1
1
1
1
1
1
1
1
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Rooting
depth
grass
0.50
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.50
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
Rooting
depth
trees
0.5
1.0
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.75
4.00
6.00
0.5
1.0
1.25
1.50
1.75
2.00
2.25
2.50
3.00
4.00
6.00
6.4 Model Results
6.4.1 Free Drainage Boundary Condition
In the following LAIs are presented as a surrogate for plant performance. In Figure
6-1(a) the LAIs of the upper (trees) and lower (grass) canopy at different soil depths
in a sandy loam are presented. The PFTs are drought deciduous tress and C4
grasses for the upper and lower canopy respectively for all simulated depth. The
tree LAIs are zero for very small rooting depths (0.5m and 1.0m) then increase with
increasing soil depth, reach a maximum at a soil depth of 2.75m and LAIs decrease
after they reach that point first slowly and then rapidly.
The increase of LAI with soil depth can be explained from the water balance.
The corresponding water budget (expressed in annual accumulated fluxes in mm) is
plotted in Figure 6-1(b). Surface runoff is negligible for all simulations, and direct
soil evaporation nearly constant (between 50-60mm/year). The terms that are
influenced by soil depth are drainage and transpiration. When rooting depths are
shallow, much water is lost through deep drainage. As rooting depth increases,
more water can be captured by the plants and is available for transpiration, net
primary productivity, and hence for investment in LAI. The LAIs reach their
maximum values at a critical depth where drainage becomes "naturally zero". Note
that below this critical depth the lower boundary condition does not matter
anymore, because no water percolates downward. In other words, in this model the
optimum condition occurs for the shallowest soil depth at which tree transpiration is
maximized, and all other losses (e.g. drainage) are minimized.
Once the point where drainage is "naturally zero" is reached tree LAIs decrease.
This trend is a result of the way the root water uptake was modeled. The rooting
density is uniform and decreases when rooting depth increases. In other words, in
order to reach deeper, trees sacrifice up-take power in the upper soil layers. This
case is illustrated in Figure 6-2(a-c), depicting three assumptions of rooting depth (a)
for shallow-rooted trees, (b) for medium-rooted trees, and (c) for deeper-rooted trees.
In case (a), tree roots are not deep enough to access the layers where water content
is highest. When roots have reach to medium depth, like in case (b), water uptake is
most efficient. However, when roots reach very deep, far beyond moist layers as in
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Figure 6-1: Predicted conditions at the end of a 500 year simulation with free
draining sandy loam, 100% khareef cloud cover, and varying soil depth. (a)
LAI for upper (deciduous trees) and lower (C4 grass) canopy (b) corresponding water
budget for the same case, expressed in annual fluxes.
case (c), they have less uptake power in layers with high saturation, and are
therefore inefficient.
In nature we would not expect trees to attempt water uptake beyond the efficient
depth level. Plants would usually attempt to keep roots as short as possible, for a
number of reasons: (1) shallow root biomass is physiologically cheaper to maintain
(2) shallow root soil layers are usually better aerated and (3) nutrient concentrations
are often higher in shallow layers (Schenk and Jackson, 2002). Therefore it is
reasonable to assume that we would find roots down to the efficient depth, even if
the soil were deeper. The trend of decreasing tree LAIs with increasing rooting
depth found here is therefore a purely theoretical modeling result.
The point of optimum performance in this model, or efficient depth, depends on
the soil type. Figure 6-3(a) shows the LAIs at different modeled rooting depths. The
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Figure 6-2: Schematic of root water access with different rooting depth, (a)
shallow rooted trees, (b) medium rooted trees, and (c) deep rooted trees
Table 6-2: Overview of the efficient depths predicted for each soil type for
different scenarios. Given are LAIs, soil evaporation (Eo), and transpiration (Ev).
Other sinks in the water balance are negligible (<15mm) at the efficient depth.
Soil Type Efficient LAI LAI Eo Ev Ev,tree Ev,grass
Depth Tree Grass [mm] [mm] [mm] [mm]
[im] [-] [-]
free clay loam 2.25 1.96 0.10 64 338 325 13
drainage sandy loam 2.75 2.02 0.06 55 339 333 6
100% cloud Sand 3.25 2.20 0.05 26 365 360 5
no drainage clay loam 1.50 2.08 0.04 66 337 332 5
100% cloud sandy loam 1.50 2.15 0.04 68 336 332 4
Sand 1.00 2.39 0.04 36 367 363 4
free clay loam 1.75 0.79 3.00 74 317 132 184
drainage sandy loam 2.00 1.43 1.28 72 304 214 89
50% cloud Sand 2.25 1.68 1.14 37 354 271 83
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efficient level for clay loam in this model is at 2.25m, for sandy loam at 2.75m and
for sand at 3.25m. The efficient rooting depth and important fluxes in the water
budget are listed in Table 6-2. Figures 6-3(b) and 6-3(b) show the annual drainage
and transpiration for the modeled soil types as a function of rooting depth. For
heavy soils (with slow infiltration) all available water can be removed with roots
concentrated in shallow layers. For lighter soils (with faster infiltration), roots have
to reach deeper in order to make efficient use of the available water. In either case,
the maximum LAI is higher in coarse soils than in fine soils, which is in this model
related to the fact that direct surface evaporation is generally lower for coarse
textures soils (see Table 6-2).
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Figure 6-3: Overview over predicted conditions at the end of a 500 year simulation
with free drainage boundary condition and 100% khareef cloud cover for
varying soil depths and soil types (clay loam, sandy loam and sand). (a) Predicted
LAI of the upper canopy (deciduous trees) (b) corresponding total annual drainage;
(c) corresponding total annual transpiration.
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The difference in soil storage in mm between the average in May (lowest soil
storage before the khareef starts) and September (at the end of the khareef) is shown
in Figure 6-4(a). The difference gives insight into how much water was stored in the
ground during the khareef. We plotted separately the storage for the upper soil
layers (0-1.0m, the storage accessible to trees and grasses) and lower soil layers
(>1.Om). For all three different soil types modeled, the scenario at efficient rooting
depth were chosen (2.25m for clay loam, 2.75m sandy loam, 3.25m sand). In all
clay sandy sand
loam loam
(b)
250
200
150
100-
50-
0
clay sandy
loam loam
Figure 6-4: Difference between the monthly average soil storage in May (lowest
soil storage before the khareet) and September (soil storage at end of khareef) at
model equilibrium. Presented are the simulations at the respective efficient rooting
depth. The storage is partitioned between (blue) the first 1m of the soil column (0-
1.0m, accessible equally to trees and grasses) and (red) the storage below 1m (>1.0m,
storage only accessible to trees). (a) free drainage, 100% cloud cover during the
khareef; simulations at efficient rooting depth for clay loam (0-1m blue, 1-2.25m
red), sandy loam (0-1m blue, 1-2.75m red), and sand (0-1m blue, 1-3.25m red); and
(b) free drainage, 50% cloud cover during the khareef; experiments at efficient
rooting depth for clay loam (0-1m blue, 1-1.75m), sandy loam (0-1m blue, 1-2m red),
and sand (0-1m blue, 1-2.25m red).
- 142 -
(a)
250
200 F
150 I
100 -
50
0
sand
three cases, more water is stored in the lower layers than in the upper layers.
However, the partitioning between the upper and lower soil storage is greater in
sand (only one third of water is stored in the upper and two thirds are stored in the
lower layers) than in fine material (the upper and lower storage are nearly same in
clay loam). As a result, soil evaporation is highest for clay loam (64mm, 16% of
rainfall), followed by sandy loam (54mm, 13% of rainfall) and sand (24mm, 6.5% of
rainfall). More water is available for transpiration in the coarse soil than in the fine
soil.
6.4.2 No Drainage Boundary condition
The LAIs for the last year of the 500 year simulation at different depth of a sandy
loam are plotted in Figure 6-5(a). Equally in this case, LAIs of trees first increase
with increasing soil depth, and reach a maximum between 1.25m-2.75m rooting
depth. A further increase in rooting depth corresponds to a decrease in LAI. The
reason for this behavior again can be found in the water balance, which is plotted in
Figure 6-5(b). In this case drainage is set to zero, and soil evaporation is more or
less constant for all modeled depths. Surface runoff and transpiration are the
variable fluxes. When the impermeable boundary layer is close to the surface, pore
water content is elevated as compared to the free drainage scenario. Consequently,
the infiltration capacity of the soil is reduced, and surface runoff occurs. The surface
runoff is a loss term in the water balance and is therefore not available for
transpiration. As a result tree LAIs are decreased in response to lower infiltration.
In this scenario the critical rooting depth is the depth at which soil storage is large
enough to allow for all water to infiltrate and surface runoff becomes zero.
When the rooting depth is further increased beyond the efficient depth (in this
example 1.25m), LAIs remain high until about 2.75m. Remember 2.75m was the
efficient rooting depth, i.e. the depth at which drainage became naturally zero, for
the same soil and free drainage boundary condition (compare Figure 6-1). Thus
between 1.25m and 2.75m in this simulation the impermeable boundary is located
between the two efficient points: the one where surface runoff is naturally zero and
the one where drainage would be naturally zero. Within this range LAI remain high
and decrease only slowly. Clearly, beyond 2.75m the boundary conditions is
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Figure 6-5: Predicted conditions at the end of a 500 year simulation with a no-
flow boundary condition, sandy loam, 100% khareef cloud cover, and varying
soil depth. (a) LAI for upper (deciduous trees) and lower (C4 grass) canopy (b)
corresponding water budget for the same case, expressed in annual fluxes.
irrelevant, since no more water is available to flow out of the lower boundary. Once
this point has been reached we expect to find the same modeling results independent
of assumed boundary condition. Comparison of Figures 6-1 and 6-5 confirms that
this is indeed the case. Therefore, the LAI decrease fast beyond 2.75m in this case
for the same reason as explained in Section 6.4.1.
An review of the results for all investigated soil types is given in Figure 6-6. The
efficient depth and important components of the water budget for all soils are listed
in Table 6-2. The efficient rooting depth depends on soil type. Coarse materials
allow for faster infiltration than fine materials, therefore the upper layers are
somewhat drier and allow for more infiltration. As a result, the efficient depth is at
1.0m in a sand, and 1.25m in a sandy clay and clay loam.
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Clearly this scenario does not take into account the fact that soil layers would be
highly saturated during the khareef, if the impermeable layer was found at the
efficient level for water uptake. In fact, the soils would be water logged. Water
logging has a number of negative side effects, such as low aeration, low biologic
activity of the soil and low availability of nutrients. We would therefore not expect
trees to survive in an environment strictly at the efficient soil depths for water
uptake, but at a depth lower that this. In this case the efficient rooting depth
depends not on water uptake, but involves other environmental factors as well.
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Figure 6-6: Overview over predicted conditions at the end of a 500 year simulation
with zero drainage boundary condition and 100% khareef cloud cover for
varying soil depths and soil types (clay loam, loamy sand and sand). (a) Predicted
LAI of the upper canopy (deciduous trees) (b) corresponding total annual surface
runoff; (c) corresponding total annual transpiration.
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6.4.3 Decreased Cloud Cover
In Chapter 5 we showed that the radiative properties of the cloud cover in Dhofar
facilitated effective filling of the soil storage during the khareef season. The
following model experiments were performed to investigate the relation between
cloud cover and rooting depth. For these experiments, we first assumed the cloud
cover to be only 50% during the entire khareef season instead of the more realistic
100% cloud cover. This assumption leads to increased net radiation, higher canopy
temperatures and higher evaporation demand. The experiment was only performed
for free drainage. An overview over the experiments performed is given in the lower
part of Table 6-1.
The LAIs and water budget for sandy loam are plotted in Figure 6-7. The
summary for all soil types considered is plotted in Figure 6-8. The efficient rooting
depths and important parts of the water budget are listed in Table 6-2. As compared
to the prediction for the same soil at 100% cloud cover (compare to Figure 6-1) the
efficient depths have moved upward for each of the modeled soil types. For clay
loam, the difference is 0.5m, for the sandy loam 0.75m and for sand 1.0m. It is
notable that decrease in cloud cover had only a minor impact on direct soil
evaporation, which was slightly increased (approximately 10-20mm for all
simulations, compare Table 6-2).
The reason for the upward shift of the characteristic rooting depths is related to
the higher evaporative demand during the khareef season. Water is now removed
from the upper soil layers at the same time as those are recharged. As a result, less
water percolates to the lower layers, the infiltration depths are decreased, and
consequently it is more efficient for trees to take up water from more shallow depths.
Figure 6-4(b) shows the difference in soil storage between the average in May
(lowest soil storage, before the khareef starts) and September (at the end of the
kharee/), partitioned between the upper layers (0-1.0m, accessible to both grasses
and trees) and above (accessible only to trees). The plotted scenarios are the ones at
the efficient depths (1.75m for clay loam, 2.Om for sandy loam, 2.25m for sand).
First, for all soil layers, less water is left in storage in September for the 50% cloud
cover scenario as compared to the 100% cloud cover scenario (compare Figure 6-
4(a)). Second, for the fine-textured soils, more water is stored in the upper layers
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Figure 6-7: Predicted conditions at the end of a 500 year simulation for a free
draining sandy loam, at 50% khareef cloud cover, and for varying soil depth. (a) LAI
for upper (deciduous trees) and lower (C4 grass) canopy (b) corresponding water
budget for the same case, expressed in annual fluxes.
than in the lower layers, only in sand the deep storage contains more water than
the storage in the upper layers. This means for fine textured soils less water is
exclusively available to trees, and trees have therefore lost competitive advantage
from water resource partitioning. As a result, trees are less competitive and more
transpiration is attributed to grasses. For example, for clay loam at characteristic
rooting depth (2.Om with 50% cloud cover) transpiration is partitioned into 30%
grass and 70% tree transpiration (compare Table 6-2 and Figure 6-9(a)). For the
same case and 100% cloud cover, the characteristic depth was 2.75m, and the
transpiration was almost entirely (97%) reserved to trees and only 3% was available
to grasses (Figure 6-9(b)). Maximum LAIs for the upper canopy was 1.43 at 50%
cloud cover and 2.02 for the 100% cloud cover scenario. The difference in direct soil
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evaporation was only 15mm. The same pattern holds for the other soil types, but
the effect is more pronounced in fine soils than in coarse soils.
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Figure 6-8: Overview over predicted conditions at the end of a 500 year simulation
with free drainage boundary condition and 50% khareef cloud cover for
varying soil depths and soil types (clay loam, loamy sand and sand). (a) Predicted
LAI of the upper canopy (deciduous trees) (b) corresponding total annual drainage;
(c) corresponding total annual transpiration.
- 148 -
3.0
(a)
.,400 r - - --- ,---- ---- ------- r-- - -- ------
E
Q300
-2- total transpiration
0 tree transpiration trees
100
1 2 3 4 5 6
rooting depth trees [m)
(b)
400
E
C0 300
2001
100k
0
1 2 3 4 5 6
rooting depth trees fm]
Figure 6-9: Partitioning of transpiration into upper and lower canopy at different
soil depths for free draining sandy loam (a) at 100% khareef cloud cover; and (b)
at 50% khareef cloud cover.
6.5 Discussion and Conclusion
With a sensitivity study using IBIS we showed that a characteristic rooting depth
corresponds to maximum performance of trees. The characteristic depth was located
at the shortest rooting depths for which transpiration is maximized, and all other
losses were minimized. We showed this phenomenon for two different scenarios of
boundary conditions, free drainage and impermeable rock (no drainage). In the free
drainage scenario tree LAIs were maximized when drainage was approximately
zero. In the case where no-drainage was assumed, highest LAIs were predicted
when surface runoff became zero, however in the latter case the negative effects of
water logging are ignored for prediction of LAI. In both cases LAIs decreased when
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rooting depths were further increased beyond the efficient level. The latter behavior
is a result of the assumption made regarding the uptake profile, but it reflects the
fact that it is efficient for trees to keep roots as short as possible.
Our results imply that drainage should be close to zero under water-limited
conditions, which is in agreement with observations for water-limiting ecosystems
(Noy-Meir, 1973), including cloud forests (Hutley et al., 1997). Furthermore, we
showed that for decreased cloud cover (50% cloud cover, implying increased
evaporative demand during the filling of the soil storage) the efficient rooting depths
moved upward and tree LAIs at the efficient rooting depth decreased. The dense
cloud cover facilitated not only higher soil storage after the khareef, but increased
the partition of water stored in deep layers (exclusively accessible to trees) as
compared to shallow layers (accessible to trees and grasses). The cloud cover
therefore enhanced tree growth beyond just maximizing transpiration in general,
but by attributing a higher percentage of transpiration to trees as opposed to
grasses. In other words, resource partitioning between trees and grasses (e.g.
exclusion of grasses from access to deep layers for water uptake) is enhanced with
100% cloud cover as compared to 50% cloud cover.
Our results are in good qualitative agreement with observations of root
distributions by Schenk and Jackson (2002). They had observed that rooting depth
for perennial woody shrubs were deeper in winter precipitation systems than in
summer precipitation systems. In winter precipitation systems the evaporative
demand is lower than in summer precipitation systems, which is analog to
comparing a situation with 100% and 50% cloud cover done here. The efficient
rooting depths moved upward when evaporative demand increased. Schenk and
Jackson did not make the same observation for trees, which may however be related
to the fact that some trees tap ground water, which makes their rooting depth
independent of soil moisture. At any rate, Schenk and Jackson (2002) concluded
that 'Walters two-layer model of resources partitioning seems to be most appropriate
in drier regimes (< 500mm annual precipitation) and systems with substantial winter
precipitation" We imply that the low evaporative demand and reduced
temperatures (at winter values, see Section 3.3.2), which are in Dhofar provided by
the cloud cover, correspond to a system with "substantial winter precipitation", and
that net precipitation rates of 400mm fulfill the requirement of dry. Therefore, our
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modeling results support Schenk and Jackson's (2002) conclusion from observation:
Resource partitioning seems in our model and in nature favored by dry conditions
and low evaporative demand regimes (e.g. winter precipitation regimes).
Furthermore, coarse soils (here sand) had a larger amount of water stored in
deeper layers than in shallow layers, even under conditions of higher evaporative
demand (50% cloud cover). As a result, more water is exclusively available to trees
than to grasses, and tree LAIs increased when the soil became coarser. This result
is in agreement with Noy-Meir's (1973) observation that coarser soils support denser
and taller perennial vegetation than finer ones throughout.
The important implication for this result is that re-forestation may be limited by
the shallow roots that tree saplings naturally have. On our field site in Gogub trees
had been outcropping of branches or stems, no saplings were observed, although this
tree species (anogeissus dhofarica) flowers and potentially grows saplings. However,
saplings have limited rooting depth and may therefore not be able to survive on this
specific site. As a strategy for re-forestation, it may therefore be useful to protect
still-existing patches and have trees reinvade the grassland from outcroppings,
rather than attempting reforestation with saplings on an open field.
For free draining soils, coarse soils seem to be more favorable for tree growth in
this environment than finer soils, since they allow for substantial deep storage and
resource partitioning, even when evaporative demand is high (for example during an
occasional short khareef). A drawback on the other hand is that coarse soils require
greater rooting depth than finer soils. Saplings would need irrigation for
establishment.
Under conditions where bedrock limits drainage at a given depth, less deep
rooting depth are required for tree growth. However, in those environments shallow
soils are more likely to be highly saturated, leading to surface runoff and probably
lateral groundwater flow, which would in turn remove water from the roots. From
our experiments, substantial soil depth of at least 1-1.25m are necessary to
accommodate all the water received during the khareef. However these results did
not account for possible negative impacts of waterlogged soils, therefore the actual
required rooting depth may be substantially deeper.
Generally speaking, a forest would probably develop best in deep soils, where
roots can adjust to the water availability freely. On the other hand, re-forestation in
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deep soils using saplings may be problematic, since saplings have shallow roots.
Therefore, an environment where fractured bedrock inhibits drainage to some
extent, but not completely, may be a good compromise for a reforestation area.
This modeling study also confirmed that assumptions on rooting depth and
rooting density have a great influence on the prediction of transpiration and plant
performance (LAI, net primary productivity, carbon assimilation) from a SVAT
scheme like IBIS. In most SVAT schemes, rooting density is assumed to be a
property of a certain PFT. Clearly, inherent differences between the rooting systems
of different vegetation types exist: annual plants will have a limited rooting system
as compared to perennials. On the other hand, rooting densities for perennials may
be better defined as a function of the environment (soil and climate), rather than
predefined by plant form. It is likely that plants in nature survive where they
perform optimally within the given environment, which should include efficient
water uptake profiles. These efficient water uptake profiles depend on climate, soil
type and boundary conditions. For an accurate description of vegetation
performance the water uptake profile should be a variable that a model like IBIS
solves for rather than an input parameter, as it is currently assumed. Further
investigation into this issue is warranted.
6.6 Limitation of the Modeling Analysis
In determining the rooting depths in this chapter we did not take into account the
fact that carbon assimilation for roots has to increase with increasing root spread.
When rooting depth increases, likely root biomass increases and more carbon has to
be allocated to root growth. This carbon would not be available for stem or for leaf
growth, thus the carbon allocation fractions would have to be adjusted accordingly.
If the carbon allocation fraction would dynamically change when rooting depth is
increased the efficient rooting depth would probably be located at a higher level.
The main shortcoming in this modeling exercise is the simplicity with which root
water uptake (a complex problem) was modeled here. However, the simple model is
in the spirit of a recommendation by Feddes et al. (2001), to keep root water uptake
models as simple as possible, as long as water within the rooting zone is made
152 -
available to plants. Our applied model satisfies this requirement. Also, we did not
take into account hydraulic lift and the ability of the roots to uptake water
preferentially at a certain depth (as identified by Feddes et al., 2001). Both of these
factors are related to the simplicity of the assumption of rooting density (constant
with depth) and could potentially lead to higher efficient rooting depths as the ones
found above.
Finally, neither influence of nutrient availability nor the level of aeration in the
rooting zone is considered for prediction of plant performance in IBIS. Our results
are strictly related to the efficiency with regard to water uptake. Future research
may be dedicated to determine efficient rooting depths with respect to combined
nutrient and water uptake.
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Chapter 7
Role of Horizontal
Precipitation in Forest
Survival
7.1 Introduction
Previous chapters covered the role of cloud cover in reducing net radiation and
therefore minimizing water losses through evapotranspiration during the khareef
season. In this chapter, we will investigate the role of clouds as an additional source
of water for the forests through the process of horizontal precipitation. When clouds
move through the tree canopy the leaves intercept cloud water, which then drips to
the ground. Since the canopy provides a collecting body for cloud droplets, the
vegetation is itself involved in supplying its own water. In the extreme case, if no
collection body is available at all, no cloud water will be captured and less water is
available overall. It would also be reasonable to assume that small collection bodies
(grass) supply much less water than large collection bodies (forests). The conversion
of forest into grassland as seen in Dhofar, and in other cloud forests in the world,
could therefore limit water availability. When we conducted the sensitivity analysis
for plant available water in Chapter 3, tree LAI was only 0.44 for the 300mm
precipitation assumed a sandy loam (assuming 3.Om rooting depth). Tree LAI was
1.92 when the precipitation was 400mm. This indicates that a reduction of plant
- 155 -
available water may significantly inhibit tree growth. Does the grass cover have
reduced capacity to collect cloud water as compared to forest? If yes, would the
difference be sufficient to suppress re-growth of forests from grassland?
In the following chapter we will adopt a model for horizontal precipitation that
will give insight into these questions. The model predicts the difference between
horizontal precipitation for trees and grasses based on vegetation and cloud
properties. Since we gathered no information on cloud cover properties at the field
site in Gogub the cloud properties were estimated. We made assumptions for cloud
properties in two different ways. First, we derived cloud properties using measured
precipitation data, and inverting the horizontal precipitation model, to solve for
consistent cloud properties. This approach yields a time series of cloud properties.
As an alternative approach, we assumed constant cloud properties throughout the
khareef. These input data were used to force a horizontal precipitation model, which
was incorporated as a module into IBIS. Using this coupled model we tested the
degree of dependence of simulated vegetation cover at equilibrium on the initial
vegetation condition. We started the model with grassland or trees and compared
the resulting equilibrium vegetation for each case. We found that the model indeed
simulated different equilibria depending on the initial condition. This means, in
context of the model, this system has two stable states. The difference between the
equilibrium vegetation condition emerging from different initial vegetation types
depended strongly on the assumed cloud properties.
7.2 Literature Review
Horizontal precipitation is an important additional water input in cloud forests
(Bruijnzeel and Proctor, 1995). Not only in Dhofar, but worldwide, these water-
collecting forests are deforested and converted into agricultural land (Bruijnzeel and
Hamilton, 2000). Therefore, Bruijnzeel (2001) strongly encouraged researchers to
investigate the influence of vegetation type and vegetation structure on horizontal
precipitation. However, limited research is reported on the subject.
Observational evidence confirms that land cover type does influence horizontal
precipitation. Fallas (2002) found that horizontal precipitation was approximately 2
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times higher in a primary forest fragment (cluster) than in a closed canopy primary
forest. Accumulated over the whole year, highest water gain from cloud water was
measured over primary forest in a fragment. The second highest gain was on a
secondary forest in the same fragment. Primary forest of low (25m) and tall (40m)
structure had the least cloud water gain. On the annual time scale, water gain from
horizontal precipitation was smaller under taller primary forest than under lower
stature forest. However, this trend does not hold for all months considered and is
most likely a result of increased interception loss in tall forest, which would offset
increased horizontal precipitation.
Measurements of differences between cloud deposition on forest versus grassland
under similar conditions are rare. Eddy correlation and gradient technique
measurements have been carried out over both vegetation types (i.e. Dollard and
Unsworth, 1983, Gallagher et al. 1992, Vermeulen et al., 1997). However, the
number of variables that influence the results besides flora, such as wind speed,
liquid water content (LWC) and droplet sizes, complicates comparison of those short
period measurements. Published cloud droplet deposition maxima were from
0.018mm/h over grassland (Dollard and Unsworth, 1983), 0.021-0.036 mm/h for
coniferous forests of different height (Beswick et al., 1991, Gallagher et al., 1992,
Vermeulen et al., 1997) and up to 0.4mm/h over an exposed fir forest (Lovett, 1984).
Note that the measurements depend a great deal on the meteorological conditions as
stated above. It is often reported that throughfall below trees is at least temporarily
higher than in adjacent grasslands (Gonzales, 2000, Holder 2004). However, these
studies measure rainfall above the grass canopy, and thus neglect the collection
capacity of grass. They therefore underestimate precipitation over grassland and
give an incomplete picture of the actual difference of droplet deposition between
grassland and forest. One early study attributed three times higher soil moisture
under trees than under adjacent grassland to horizontal precipitation (Means, 1927,
cited in Kerfoot, 1968). In Dhofar itself, throughfall was collected under an exposed
single standing ficus tree and found to be three times the measured rainfall (COWI-
consult, 1992), whereas the throughfall was only two times measured rainfall for the
canopy of an anogeissus dhofarica cluster (this study).
Observations over natural vegetation confirm the relationship between the
particle deposition and friction velocity (i.e., Vermeulen et al., 1997, Nemitz et al.,
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2002), however the measurements were conducted over the same surface such that
the increase in friction velocity was related to the increase in free air velocity and
not change of surface cover. Gallagher et al. (2002) found that deposition of small
particles (r<0.lpm) depends to a great deal on the roughness length of the collecting
surface (with observations from eddy covariance technique ranging from short grass
to tropical forest), however those results were not extended to the size of cloud
droplets (rd=1-25pm).
Numerous models exist for estimation of horizontal precipitation (Shuttleworth,
1977, Bache, 1979, Slinn 1982, Lovett, 1984), most of them relate horizontal
precipitation to wind speed or friction velocity and include some efficiency for
particle collection by the canopy. Slinn's (1982) model is the most commonly used
one and has been shown to agree well with observations of particle deposition for
both dry and wet deposition (Beswick et al., 1991, Nemitz et al., 2002). Gallagher et
al. (2002) compared models for particle deposition with regard to the roughness
length of the collecting surface and found that Slinn's (1982) model considerably
underestimated the influence of increasing roughness length on deposition of small
particles (r<0.1pm). Gallagher et al. (2002) proposed a new parameterization for
prediction of horizontal precipitation that depends on surface roughness. However,
because of lack of data they were unable to derive a similar relationship for the
cloud droplet size range (rd=1-25pm), and they suggest parameterizations such as
the one of Zhang (2001) as an alternative until further data becomes available.
Zhang (2001) adopted Slinn's (1982) particle deposition model as for inclusion in the
Canadian Aerosol Module (CAM). He re-defined the vegetation parameters such
that the model could be applied over a grid with defined vegetation types. A version
of his model is adopted in the following chapter.
An alternative approach to modeling horizontal precipitation was used by
Walmsley et al. (1996). They assumed that treetops could be described as cones, and
horizontal precipitation was calculated as the cloud liquid water content (LWC)
multiplied with the horizontal wind speed and the area of the vertical cross-section
of the cone. LWC was estimated as a function of elevation of the site above the cloud
base (assuming mountain tops were covered with clouds). The important difference
between this model and the ones described above is that it does not include any
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consideration of turbulence, thus no transport of cloud droplets from aloft towards
the collection surface is included. Therefore horizontal precipitation in Walmsley et
al. (1996) model is expressed as an edge effect applied to each individual treetop.
7.3 Horizontal Precipitation Model
The model addresses two limiting factors that play a role in horizontal precipitation
(1) how effectively cloud droplets are transported from the free atmosphere to the
surface (2) how effectively the given surface is able to capture and therefore "keep"
cloud droplets. To picture the first limiting factor, an experiment conducted in
Dhofar itself is illustrative. Price et al. (1986) investigated the potential horizontal
precipitation in Dhofar using a tower with iron sheets vertically mounted at varying
heights above the surface (mid lines at 0.9, 2.0, 3.1 and 4.2m). The sheets were
mounted facing South (the prevailing wind direction), such that the surfaces would
intercept the water of passing surface clouds. From this setup we expect that the
water volume intercepted (Vc) would be proportional to wind speed at a given level
(uz), cloud liquid water content (LWC) multiplied with the size of the intercepting
sheet (As), as in
V,~- LWC -u,- As -(7.1)
At the tower mounted at the climate station in Quairoon Haratti (located about
10km north of the Gogbub experimental site at about 800m elevation) the collection
amount was consistently higher for elevated sheets as compared to lower ones, with
the uppermost sheet (4.1m) collecting 2.7 to 3.7 times more water per day than the
lowest sheet (0.9m). Clearly, we assume that the increase of wind speed at different
elevation of the sheets above the ground would account for at least some of the
difference. Unfortunately, wind speed was not measured at the same time.
However, the difference in measured cloud collection between the sheets is too high
to be explained by the logarithmic wind profile. Even when assuming
uncharacteristically tall grass for a weather station of height hc=0.4m with d=2/3-he
and z 0=0.1 -h the difference in wind speed between 4.2m and 0.9m above ground
should be a factor of only 2.4. Therefore it appears that, less cloud water was
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available near the ground than higher up. This indicates that the ground surface
itself was a sink for suspended cloud droplets, and hence a gradient of cloud droplet
abundance with height was created. Turbulence from surface roughness limits the
incidence of cloud droplets on a horizontal surface. Inclusion of roughness length
into the formulation of turbulent deposition velocity in the following section
incorporates this effect.
The second limitation is related to the efficiency of cloud droplets capture. For
example, while the stiff metal plate may be somewhat effective at capturing cloud
droplets, thin wires are even more effective capturing elements. Because of their
small surface, wires deflect the air stream only slightly, and droplets are likely to
break out of the air flowing around the obstacle, as a result of their inertia. Thus
the collecting surface may have (limited) ability to capture droplets that are
delivered to it. This effect is included in the formulation of the turbulent deposition
velocity through a representation of the surface resistance in the equation below.
Horizontal precipitation is a process by which cloud droplets are mixed inside the
canopy and settle on the vegetation. Droplets can be introduced to the canopy in two
ways (1) from the side (edge effect) and (2) from aloft. Figure 7-1 depicts both of
those processes. The name "horizontal precipitation" is somewhat misleading in
that it is figurative only for case one, whereas case two is of greater importance for a
closed forest cover. In case (1) clouds are blown inside the canopy from the side,
high deposition occurs within short distance from the edge, but deposition from this
source is negligible at distance from the edge. For case (2) on the other hand the
source of cloud droplets is within the air aloft, and the transport of droplets towards
the canopy is through turbulent exchange and gravitational settling (falling). Since
we are interested in horizontal precipitation on closed forest and large clusters, the
following investigation will focus on the second process. A correction factor is added
to account for the edge effects of forest clusters.
Models for horizontal precipitation are similar to particle deposition models, with
small cloud droplets acting as the deposited particles. Therefore, contributions to
the field originate from the hydrology community as well as researchers interested
in pollutant transport and deposition. Various models for horizontal precipitation
exist, the one by Slinn (1982) has been shown to give good agreement with
observation, and it is therefore the one that is adapted here (Beswick et al., 1991,
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hzp from
hzp edge effect
Figure 7-1: Scheme of horizontal precipitation occurring from aloft through
turbulent exchange, and from the side as an edge effect.
Vermeulen, et al., 1997, Nemitz et al., 2002). The flux of cloud droplets from above a
canopy (Phz) is described as a settling velocity (Vd), which is multiplied with the cloud
liquid water content (LWC), such that
Ph, =LWC Vd (7.2)
The setting velocity is defined as the sum of gravitational settling velocity (vg) and
turbulent settling velocity (vt)
vd =C-V, +Vg, (7.3)
where c is an enhancement factor that accounts for edge effects due to clustering and
canopy inhomogeneities. The factor c was added in this work and is not part of the
original formulation by Slinn (1982), and is defined and discussed below in Equation
7.12. The factor is greater or equal to one and describes enhancement of turbulent
deposition due to edge effects when the active surface is larger than the horizontal
plane that Slinn's (1982) model applies to.
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The gravitational settling velocity is the falling velocity of a sphere and depends
on the droplet size under consideration. It is defined as
Vg = 2rdgp (7.4)
where rd is the cloud droplet radius, g the gravitational constant, pa and pw are the
densities of air and water respectively and r)a is the dynamic viscosity of air.
The turbulent deposition is described in analogy with the turbulent transport of
momentum (vn), which is described by
Vm = -, (7.5)
r
where ra is the atmospheric resistance
K
2 In 2 z -d
uZ zo (7.6)
ra 2
with friction velocity (u*) and wind velocity (uz) at a reference height (z). In order to
define turbulent deposition velocity, Equation 7.5 is modified by introducing an
additional resistance called surface resistance (rsurf). Thus the turbulent deposition
of cloud droplets is written
V ra r, ,(7.7)
v,=ra +r~
The surface resistance describes the efficiency (E) by which a canopy collects cloud
droplets of a given size in the form (Zhang et al., 2001 in adaptation of Slinn, 1982)
1
r.,r = 3u.E (7.8)
And the efficiency is assumed to be the sum
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E = EB + EIN Elm (7.9)
The collection efficiency incorporates three processes: Brownian motion EB,
interception by small vegetation hairs (hairs smaller than droplet size), EIN, and
impaction efficiency EIM. The latter describes the probability of a particle breaking
out of a deviated airflow due to greater inertia, and settling on the deviating object,
rather than being carried further within the air stream. For applications that
involve particles with typical droplet size, E is dominated by the term EiM (Slinn,
1982). Gallagher et al. (2002) showed a dependency of EiM on the roughness of the
surface for small particles (rp < 0.121pm). No research is published on particles in
the cloud droplet size range (rd= 1-25pim). Gallagher et al. (2002) summarized that
for the time being expressions for impaction efficiencies could be used, which are
based on specific vegetation types, like the expression by Zhang et al. (2001). Zhang
et al. (2001) discussed a number of different options for describing EIM, and proposed
a simple version
EM = St , (7.10)
(a+ St)
where St is the Stokes number and a is a vegetation specific parameter that was
defined and tabulated in their study. The Stokes number is (from Slinn, 1982)
V U.
St = , (7.11)
gA
where A is the characteristic radius or size of the collectors, here the leaves of a
specific vegetation type (tabulated in Zhang et al., 2001, reproduced in Table 7-1).
The presented model is designed strictly for transport of cloud droplets into the
canopy by means of turbulence, and it does not take into account edge effects.
However, in Dhofar forests are clustered, and the top of the canopy is not uniform,
but has multiple outcrops of branches. Those outcrops and cluster edges are an
additional surface for droplets to enter the canopy. In fact it has been observed that
horizontal precipitation is enhanced in forest clusters (Fallas, 2002). We account for
enhanced precipitation from increased active surface for interaction with the canopy
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Table 7-1: List of characteristic radii of the collectors (A, Equation 7.11) and the
parameter for the calculation of the impaction efficiency (a, Equation 7.10) for the
horizontal precipitation model. The factors are originally by Zhang et al. (2001)
defined for different prevailing landscapes called Land Use Category (LUC) in the
Canadian Aerosol Module (CAM). The parameters were re-assigned according to
IBIS Vegetation Types (PVTs). In the original formulation the parameter A takes
different values for different seasons of the year. Since the cloud immersion period
is equivalent with the growing season, the growing season values were selected.
Vegetation Description IBIS CAM A a
VT LUC [mm] [-]
Tropical Evergreen Forest/ Woodland 1 2 5.0 0.6
Tropical Deciduous Forest / Woodland 2 4 5.0 0.8
Temperate Evergreen Broadleaf Forest / woodland 3 2 5.0 0.6
Temperate Evergreen Coniferous Forest / woodland 4 1 2.0 1.0
Temperate Deciduous Forest / Woodland 5 4 5.0 0.8
Boreal Evergreen Forest / Woodland 6 2 5.0 0.6
Boreal Deciduous Broadleaf Forest / Woodland 7 4 5.0 0.8
Boreal Deciduous Conifer Forest / Woodland 8 3 2.0 1.1
Mixed Forest 9 5 5.0 0.8
Woody Savanna 10 10 10.0 1.3
Savanna 11 10 10.0 1.3
Grassland 12 6 2.0 1.2
Closed Shrubland 13 10 10.0 1.3
Open Shrubland 14 10 10.0 1.3
Tundra 15 9 - -
Desert / Barren 16 8 - -
Polar Desert / Rock / Ice 17 12 - -
Permanent Wetland 18 11 10.0 2.0
by introducing the enhancement factor c in Equation 7.12. The factor c is defined as
the factor by which the horizontal surface of a tree cluster would have to be
multiplied in order to yield the area active for turbulent deposition. (see Figure 7-2).
Assuming the simplified shape of a cluster to be a cylinder of characteristic radius Rc
and with canopy height (he). The active area is the surface of the cylinder (except
the bottom) and the horizontal area that Slinn's (1982) formulation applies to is just
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he
Figure 7-2: Schematic of a simplified tree cluster of circular shape; with turbulent
deposition of droplets from top (white) and from the sides (red). The active area for
horizontal precipitation according to the Slinn (1982) formulation is just the top of
the cluster (white eddies). It is assumed in this work that horizontal precipitation
will be enhanced when additional areas are exposed, like the sides of the cluster,
thus the total active area is the top and the sides of the surrounding cylinder.
the surface of the circle with radius Rc. Therefore the enhancement factor depends
on the canopy height he as in
C = 2 '= 2 + (7.12)
When the cluster size becomes large as compared to he the cluster grows into a
forest, in which case c=1 and turbulent deposition is not enhanced. On the other
hand, when the characteristic cluster size is equals tree height (close to a single
standing tree), the enhancement factor c is 3. It is not necessarily implied that the
clusters have to be exactly circular. The enhancement factor is simply an expression
that compares the total active area for horizontal precipitation to the horizontal area
through the vegetation height. Thus it simply assumes that the active area
increases as the relative height of the vegetation increases.
Equation 7.3 shows that the total deposition velocity has contribution from
gravitational and turbulent settling. Figure 7-3 shows the sensitivity of the
components of horizontal precipitation to (turbulent and gravitational) to vegetation
type, droplet radius. The gravitational component is solely a function of droplet
diameter and will not change with vegetation type. Turbulent deposition, on the
other hand, depends on both turbulence and droplet size. Turbulent deposition
increases with decreasing atmospheric resistances. Therefore the influence of
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Figure 7-3: Total settling velocity for cloud droplets and its components, turbulent
and gravitational settling velocity, plotted as a function of droplet size for two
different vegetation types: broadleaf trees with 6.5m canopy height and grass with
0.5m canopy height. The assumed wind velocity at 30m above ground was 6m/s.
vegetation itself on turbulent deposition will become most apparent through its
surface roughness (zo, Equation 7.6). The same wind velocity will lead to lower
atmospheric resistance over a rough surface (like forest cover) as compared to a
smoother surface (like grass cover), therefore turbulent deposition velocities should
be higher over forest than over grassland. Also, when wind velocity increases over a
given surface, atmospheric resistance decreases, and turbulent deposition increases.
The turbulent deposition velocity contains the gravitational settling velocity itself
through the Stokes number (St, Equation 7.11) and the impact efficiency (EiM,
Equation 7.10). The impact efficiency becomes smaller when the friction velocity
increases, and consequently turbulent deposition decreases. Thus when droplet
sizes increase gravitational deposition becomes the dominating term, and turbulent
deposition has minor influence on the total deposition. Overall total deposition
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increases as droplet size increases, but the influence of the surface roughness
decreases as droplet size increases. In the extreme case droplets would be of rain
drop size, turbulent settling velocity would be negligible and total deposition velocity
equal to gravitational deposition velocity. The droplets would fall as rain and the
vegetation type would have no influence on how much precipitation occurs. Droplet
size is therefore an important parameter, when judging the influence of the
vegetation cover on horizontal precipitation.
7.4 Derivation of Input Data
Cloud properties are not measured in Gogub, however the horizontal precipitation
model requires cloud properties as input. We assumed cloud properties in two
different ways. First, we attempted to derive a time series of cloud properties and
second, we assumed constant cloud properties throughout the khareef.
Derivation of a time series of cloud properties
The derived time series should reflect reasonable and consistent cloud properties
and also reproduce the precipitation time series measured in Gogub when used to
force the horizontal precipitation model. Thus cloud properties would have to
change over time in accordance with the observed precipitation, in order to reflect
the difference between dense and light fog. In order to achieve this, we used the
horizontal precipitation model itself to derive input cloud properties from the
measured throughfall time series. We estimated horizontal precipitation from the
measured data, as shown below. We then made assumptions about the properties of
the canopy in Gogub and derived at each time step several pairs of LWC and rd that
satisfy the horizontal precipitation model. Finally we used a parameterization for
estimation of cloud properties to identify which pair of LWC and rd was likely to be
found in a natural cloud.
Estimation of Horizontal precipitation
We computed horizontal precipitation according to Equation 2.18, and neglected
direct evaporation from the wet canopy, such that
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Ph, = TF + SF -P, (7.13)
where Ph, is the estimated horizontal precipitation, P,, is the estimated rainfall, TF
measured throughfall, and SF estimated stemflow. Throughfall was calculated from
the sampled throughfall gauge using Equation 2.19. Missing data were replaced
with the immediately preceding period as explained in Chapter 5. The total water
received below the canopy includes stemflow. Since stemflow was only measured
every 2-5 days, no time series of stemflow was available and therefore Equation 3.1
was used to estimate a time series of stemflow. The rainfall was estimated from
throughfall using the regression in Equation 2.10. The time series was assembled
into four hour accumulated precipitation thus making sure that the relation between
rainfall and throughfall was valid.
Derivation of pairs of LWC and cloud radius from horizontal precipitation
We used P., to solve Equation 7.2 for LWC assuming a range of rd. Note that P,
includes gravitational settling velocity as well as turbulent settling velocity,
although the vertical part of the precipitation (rainfall) was already subtracted in
Equation 7.13. The gravitational part is here interpreted as the under-catch by the
raingauge, discussed in Chapter 2.1.3. This is the amount of precipitation that has
droplet sizes large enough not to be influenced by vegetation cover, but small enough
to be deviated away from orifice of the raingauge.
Ideally, the model for horizontal precipitation would be solved for different
droplet size classes of a known cloud droplet spectrum (a function describing the
number of cloud droplets of a certain size class). However, this information is not
available and cannot be obtained from available data. We therefore assumed that
the cloud properties can be adequately represented by a characteristic droplet size
and cloud liquid water content prevails for four hours.
In order to find LWC and rd, we started by assuming a given rd, calculated the
turbulent settling velocity (vd, Equation 7.7) in 15min intervals (interval at which
observed wind speed was recorded), and averaged those over the four-hour time
interval. This was done because the relationship between turbulent settling velocity
and wind speed is highly non-linear and averaging of wind speeds itself would
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misrepresent the process. Once the average turbulent settling velocity for four
hours was known, we calculated Vd from Equation 7.3, and solved Equation 7.2 for
LWC assuming Psh = P,. The procedure was repeated for a wide range of droplet
radii (rd=0.5-80pm).
The atmospheric resistance (ra) for the model was calculated using the observed
wind velocity from Gogub and assuming a logarithmic wind profile. Roughness
length and displacement height were estimated from canopy height using common
formulations. Zero displacement height is well represented with d = 2/3-he for a
range of vegetation types (Brutsaert, 1982). The roughness length was assumed to
be zo=2/3-he according to Shuttleworth (1977). Missing data in the time series for
wind speed were replaced with the immediately preceding period of equivalent
length.
Finally a clustering factor c was assumed. First, for a control case we assumed a
clustering factor of c=1.0, implying a homogeneous infinite forest canopy. Second, a
characteristic cluster size of Re = 30m was assumed to be representative for the
Gogub area. Therefore c=1.43, according to Equation 7.12. Time series were derived
for both factors.
The blue graphs in Figure 7-4 show the solution for LWC and rd for one time step
of assumed horizontal precipitation for c=1 and c=1.43. All the points along the
graph satisfy the horizontal precipitation model. However, one pair of LWC and rd
had to be chosen as model input. In order to decide which pair to choose we checked,
which pairs of LWC and rd would correspond to combinations observed in real
clouds.
Derivation of pairs of LWC and droplet radius from cloud property parameterizations
Parameterizations for relations between LWC and rd have been developed from
observations for remote sensing and atmospheric modeling application. McFarquhar
and Heymsfield (2001) proposed a parameterization based on cloud type and vertical
updraft velocity. Their model was developed from numerous observations within
varying non-precipitating cloud types, polluted and pristine. They also indicated
some values for clouds with drizzle. The effective cloud droplet radius re is
parameterized as
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Figure 7-4: Generation of pairs of LWC and cloud droplet radius for the input time
series #1-6 for the horizontal precipitation model. Blue graphs show the solution
for LWC and droplet radius from the inverse model for the first time step (four
hours) of khareef 2004 for clustering factor c=1.0 and c=1.4, all points along the
graphs satisfy the horizontal precipitation model. Red graphs depict the
parameterization for cloud properties from Eq. 7.14. The cross sections define the
pairs of LWC and rd that were selected for the input time series #1 through #6, as
indicated in Table 7-3.
3LWC)I/
r = ~ r (7.14)
where k is the so called spectral shape parameter, which depends on the type of the
cloud (polluted, transient, pristine) and Nt is the number of activated cloud droplets
The effective droplet radius is related to the spectral properties of a cloud and
represents the radius associated with the average surface area. To estimate
horizontal precipitation we are interested in the average droplet radius rd.
Therefore rd and re are not the same, although they may be for certain cloud droplet
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distributions. For the gamma distribution that is usually associated with droplets
spectra in clouds, rd and re are close to equal when the standard deviation is small.
When the distribution becomes wider r e > rd. For the current study we will assume
that rd z re, and recognize that by doing so we may considerably overestimate the
actual droplet radius. Estimates for k are derived in McFarquhar and Heymsfield
(2001) for non-precipitating clouds, however some values for k in clouds where
drizzle occurred are listed and reproduced in Table 7-2. The mean values for k are
on the order of 0.83 for pristine clouds and 0.21 for clouds with drizzle.
Table 7-2: Calculated k and their standard deviations for all clouds below 2km
for cases where no drizzle detected (reproduced from McFarquhar and Heymsfield,
2001).
Cloud Type No Drizzle Drizzle
k k
Pristine 0.83 ± 0.08 0.23 ± 0.26
Transition 0.79 ± 0.07 0.21 ± 0.22
Polluted 0.73 ± 0.10 0.23 ± 0.23
Nt is parameterized as a function of the aerosol number and the average vertical
velocity with
N, = min[Na ,82.4 + 0.196N,] (7.15)
for vertical wind velocities of 0.5m/s-2.Om/s (McFarquhar and Heymsfield, 2001),
which were most appropriate for the site of Gogub, given the slope down hill of the
site (10-150) and measured horizontal wind velocities during horizontal precipitation
events (2m/s-4m/s). N is the number of aerosols, which depends on the cloud origin.
Pristine clouds have lower abundance of aerosols (Na<1780 was assumed in
McFarquhar and Heymsfield, 2001) and usually originate away from land. In order
to derive parameterizations for LWC and rd radius we assumed the mean k values
for drizzle and an upper and lower boundary within the given standard deviation,
that is k=0.1, 0.23, 0.46. We assumed aerosol numbers within the observed range,
that is Na=500cm-3 for pristine clouds and Na = 500cm-3 for very polluted clouds. The
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enveloping curves were chosen and plotted Figure 7-4 (red graphs). They are the
curves for k=1 and Na=500cm. 3 (lower range of k and pristine clouds, resulting in
slow increase of LWC with rd) and k= 0.46 and Na=500cm 3 (upper range of k and
very polluted clouds, resulting in steep increase of LWC with rd). We also chose an
additional curve in between, which represents expected conditions in Gogub. The
clouds in Gogub are of marine origin, but formed close to the coast, and within
proximity of the desert, thus sand particles likely contribute aerosols. We expect to
find medium polluted clouds with drizzle, thus we chose the mean value for k=0.23,
and an aerosol number for medium polluted clouds Na=2500cm- 3. This curve is
represented by the dotted line in Figure 7-4.
Derivation of the time series of LWC and cloud droplet radius
The red curves in Figure 7-4 depict the graphs according to the Equation 7.13. The
blue graphs in Figure 7-4 represent the LWC and rd that satisfy the horizontal
precipitation model for the first time step in the khareef 2004 for c=1 and c=1.43.
The crossing points between both graphs represent pairs of LWC and rd that satisfy
both the horizontal precipitation model and parameterizations of cloud properties
derived from observation. The six crossing points were chosen as the input for the
dynamical horizontal precipitation model. The procedure is repeated for all time
steps and each assumption for c, leading to overall six time series of cloud
properties. Figure 7-5 gives an example of a time series for expected conditions in
Gogub (Na=2500cm-3, k=0.23, c=1.43). The mean cloud droplet radius for this time
series is rd=16.7pm and the mean LWC is 0.79g/m3.
The mean cloud radius and mean LWC for this and each of the derived time
series is given in the upper part of Table 7-3. Clearly, as the assumptions about the
cloud type changes, so do the statistical parameters of the time series for LWC and
rd. The assumption of k=0.46 (upper estimate of k value) and polluted clouds
(Na=2500cm-3) in series #3 and #6 leads to the largest mean droplet radius and
highest mean LWCs. Polluted clouds are marked by high abundance of aerosols, and
consequently a large number of activated droplets. Therefore a large number of
small droplets are abundant. The high LWC is necessary in order to satisfy the
horizontal precipitation model at the same time. On the other hand, the lowest
estimate of k=0.1 and assumption of pristine clouds (Na=500cm.3) in series #1 and #4
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Figure 7.5: Time series #6 for input in for the horizontal precipitation model.
led to estimation of larger droplets and smaller cloud liquid water content. The
clustering factor c=1.43 in series #4 through #6 leads to a decrease in both droplet
sizes and cloud liquid water content as compared to c=1.0 in series #1-#3. With
increased c the turbulent deposition is enhanced, therefore the horizontal
precipitation at a given time step can be reached at lower liquid water content and
smaller droplet sizes.
Constant loud properties
As an alternative to the time series, which was derived using the input itself, we
also performed the following analysis with constant pairs of LWC and rd. We used
six pairs, denoted C1-C6, their values are indicated in the lower part of Table 7-3.
When choosing the pairs, we started with the mean values found for series #1-#6.
We modified those values to a small extent such that the horizontal precipitation
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Table 7-3: Overview of the input for LWC and droplet radius. (above) derived
time series of droplet radius and LWC from inverting a horizontal precipitation
model and assuming an idealized canopy with zo=0.1-h, and d=2/3-h,, where hc=6.5m
(measured). Given are the means and standard deviations of droplet diameter and
LWC, with zero values excluded. (below) constant LWC and droplet radius.
# c Na k rd LWC
mean/std mean / std
[- [CM.3] [-] [m] [gm.3]
#1 1 500 0.10 21.9 / 2.8 0.63 / 0.25
#2 1 1500 0.23 17.4 / 2.2 1.00 / 0.30
#3 1 2500 0.46 14.5 / 1.8 1.50 / 0.50
#4 1.4 500 0.10 21.1/2.8 0.56/0.21
#5 1.4 1500 0.23 16.7 / 2.2 0.79 / 0.29
#6 1.4 2500 0.46 14.0 / 1.7 1.08 / 0.38
C1 1 - - 20.0 0.77
C2 1 - - 17.0 0.98
C3 1 - - 13.5 1.40
C4 1.4 - - 20.0 0.65
C5 1.4 - - 17.0 0.79
C6 1.4 - - 13.5 1.12
simulated with the off-line model would be close to the accumulated annual khareef
horizontal precipitation of 196mm/year estimated from observations.
Comparison of constant input versus time series
The estimated total khareef water yield from horizontal precipitation is similar
between constant and time series input. The difference between the two inputs of
cloud properties becomes apparent when computing daily values horizontal
precipitation. In Figure 7-6 we plotted daily values of computed horizontal
precipitation versus those values that were derived from observation for the khareef
2004. In Figure 7-5(a) we present daily values computed from a time series of LWC
and rd. Since the time series was derived using the observed horizontal
precipitation, it predicts horizontal precipitation perfectly. Note that this is only the
case when we use the same canopy properties in the prediction that were used in the
derivation of the time series. On the other hand, the values in Figure 7-5(b) were
computed assuming constant LWC and rd. As a result, the daily horizontal
precipitation tends to be overestimated on days when observed horizontal
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Figure 7-6: Comparison of predicted horizontal precipitation (x-axis) with
measurements (y-axis). (a) for series of LWC and rd for time series #2; (b) for
constant LWC=0.98g/m 3 and rd=17pm.
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precipitation was comparatively small, and underestimated when observed
horizontal precipitation was comparatively high. Thus the prediction with constant
values tends to remove extremes of the predicted horizontal precipitation time
series.
Summary and limitations
We assumed properties of the canopy and parameterizations for cloud properties in
order to derive a time series of LWC and rd from above and below canopy measured
precipitation. We did this in two ways, first we derived six time series. Second, we
determined six pairs of LWC and rd.. Every input will lead to the total precipitation
during the khareef season, if the same clustering factor is assumed as was used for
the derivation.
The described procedure for estimation of time series for cloud properties from
observed horizontal precipitation was not supposed to give exact values of LWC and
rd, but a range. The purpose was to derive cloud properties that have a physical
meaning, both in terms of cloud physics and horizontal precipitation. Strictly
speaking, the procedure predicts the cloud properties that would have had to be
present in order to yield the measured difference in above and below canopy
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precipitation, given that (1) turbulence can be appropriately described using the
idealized description of canopy and wind profile applied here, (2) the horizontal
precipitation model captures the important features of the process under the field
conditions, (3) the cloud properties are well parameterized.
The main deficiency of the approach is that the field site in Gogub does not fulfill
the requirements necessary for the application of a logarithmic wind profile. The
logarithmic wind profile applies to areas with an infinite uniform surface, and
neutral conditions. However, we consider a field site located in a forest patch and on
top of a hill. Under those circumstances the real wind profile at Gogub may be
considerably different from the idealized logarithmic profile assumed. However, the
procedure is meant to yield only rough estimates of cloud properties and not to
resolve the complex mechanism of horizontal precipitation in Gogub exactly.
To contrast the time series input, we also used constant values in order to show
that the results in the following analysis do not strictly depend on cloud properties
from an inverted model, but that the results are somewhat universal.
7.5 The Influence of Vegetation Type on
Horizontal Precipitation Using an
Off-Line Model
In order to get a first estimate on the influence of vegetation cover on horizontal
precipitation, we use the six derived time series and constant value pairs in an off-
line model for horizontal precipitation, assuming idealized tree and grass canopies.
We later incorporated the same model into IBIS. As a first step, it is useful to
investigate how horizontal precipitation varies with different vegetation with
simplified canopy properties. The results provide a preliminary analysis of the
expected difference in total precipitation yielded by different vegetation types and
for different c factors. Moreover, since the different input derived above reflects
different cloud properties, we learn more about the role of cloud properties on
horizontal precipitation over a particular canopy.
The model experiments and results are listed in Table 7-4 and 7-5. In all cases
the horizontal precipitation was calculated from input series of rd and LWC from the
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Table 7-4: Results from the forward simulation using the horizontal precipitation
model and the derived time series of droplet radius and LWC from Table 7-1 over
different idealized canopies with zo=0.1-h,, d=2/3-he and h, as indicated. Changed
was he (to reflect a grass canopy) and the enhancement factor for clustering (c, Eq.
7.12) for tree clusters. The dark shaded areas are the control cases for which the
time series were developed. They yield the input precipitation (196mm horizontal,
300mm total).
Scenario Series he c Tot Rain Tot HZP HZP HZP
# [m] [-] Prec [mm] [mm] Grav Turb
[mm] [mm] [mm]
#1 6.5 1.0 300 104 196 108 88
#2 6.5 1.0 300 104 196 95 101
trees #3 6.5 1.0 300 104 196 89 107
no #4 6.5 1.0 269 104 165 91 74
cluster #5 6.5 1.0 265 104 161 80 81
#6 6.5 1.0 265 104 160 76 84
#1 6.5 1.43 338 104 234 108 126
#2 6.5 1.43 344 104 240 95 145trees #3 6.5 1.43 347 104 243 89 154
cluster #4 6.5 1.43 300 104 196 91 105
#5 6.5 1.43 300 104 196 80 116
#6 6.5 1.43 300 104 196 76 126
#1 0.5 1.0 242 104 138 108 30
#2 0.5 1.0 233 104 129 95 34
grass #3 0.5 1.0 228 104 124 89 35
#4 0.5 1.0 220 104 116 91 25
#5 0.5 1.0 213 104 107 80 27
#6 0.5 1.0 207 104 103 76 27
time series (#1-#6) and constant input (C1-C6) indicated. The model was run for one
khareef season (June 15-September 15) and the accumulated precipitation for the
whole periods are given. The total precipitation is then split in its contributions
from rainfall, gravitational deposition and turbulent deposition, all indicated in mm.
Note that rainfall is constant for all experiments. Gravitational deposition depends
only on droplet size and not on vegetation type. Therefore, each time the same time
series is used, gravitational deposition is the same (for example each time series #6
is used). Only turbulent deposition changes with both vegetation type and cloud
properties, thus turbulent deposition is different for each experiment.
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Table 7-5: Same as Table 7-4 for constant input C1-C6
Scenario Series he c Tot Rain Tot HZP HZP HZP
# [m] [- Prec [mm] [mm] Grav Turb
[mm] [mm] [mm]
C1 6.5 1.0 300 104 196 100 96
C2 6.5 1.0 301 104 197 91 106
trees C3 6.5 1.0 301 104 197 82 115
no C4 6.5 1.0 269 104 165 84 81
cluster C5 6.5 1.0 265 104 161 74 87
C6 6.5 1.0 263 104 159 65 94
C1 6.5 1.43 341 104 237 100 137
trees C2 6.5 1.43 347 104 243 91 152
30m C3 6.5 1.43 350 104 246 82 164
cluster C4 6.5 1.43 301 104 197 84 113
C5 6.5 1.43 301 104 197 74 123
C6 6.5 1.43 300 104 196 65 131
C1 0.5 1.0 237 104 133 100 33
C2 0.5 1.0 231 104 127 91 36
grass C3 0.5 1.0 223 104 119 82 37
C4 0.5 1.0 216 104 112 84 28
C5 0.5 1.0 207 104 103 74 29
C6 0.5 1.0 199 104 95 65 30
The calculations of horizontal precipitation over idealized tree cover using series
#1-#3 (C1-C3) with c=1 and series #4-#6 (4-C6) c=1.43 serve as a control experiment.
The corresponding lines in Table 7-4 are gray-shaded. We then calculated
horizontal precipitation over a grass canopy.
Roughness length and displacement height were calculated the same way for
tree and grass cover, that is d=2/3-he and zo=0.1 -hc. When calculating horizontal
precipitation for grass cover, we assumed a tall grass with canopy height
hcgrass=0.5m. The enhancement factor c for grass was assumed to be c=1.0, since we
do not expect clustering for grass cover.
We first consider the control cases (Table 7-4, 7-5, dark shaded). All canopy
properties for those cases are the same as above when we derived the input.
Therefore, the total predicted horizontal precipitation should be the same as the
input to the inverse model (196mm). This is indeed the case. Gravitational settling
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increases with increasing mean drop size of the time series used, and turbulent
deposition decreases accordingly. For example, time series #1-#3 were developed
assuming a clustering factor of c=1.0 (no clustering) in the inverse model. When the
same time series is used in forward mode and assuming clustering of c=1.43,
naturally turbulent deposition is enhanced (by a factor of 1.43), which leads to an
increase in total precipitation by 38-47mm, i.e. by 12-16%. The opposite is the case
for series #4-#6 (which were developed assuming c=1.43). When they are used in a
horizontal precipitation model with c=1.0, horizontal precipitation is decreased by
31-35mm, i.e. 10-12%. The reason for this is that rd and LWC are smaller for time
series #4-#6 than for #1-#3. While the difference in droplet diameter between the
time series (shown in Table 7-1) is not large between series #1-#3 and #4-#6, the
influence on horizontal precipitation is considerable. A relatively small decrease in
droplet size (for example 0.7pm (4%) between series #1 and #4) and the decrease in
LWC (0.08g/m 3 (13%)) between series #1 and #4), had an influence on the order of
31mm total precipitation (~10%) in this model. The same reasoning holds for the
constant input (C1-C6) given in Table 7-5. This highlights the importance of cloud
properties for the consideration of influence of vegetation type.
Second, we consider the difference in horizontal precipitation between tree cover
and grass cover. Gravitational settling is the same for the same time series, as
expected. On the other hand, turbulent deposition over grass cover is decreased for
all time series considered. Depending on the time series used the decrease is 86-
119mm of turbulent deposition compared to the same experiment over trees with
c=1.43 (the expected clustering factor for Gogub). Taking into account the
gravitational component and rain, the total precipitation over grass is between 207-
242mm as compared to 300-347mm for trees. This means, according to the model
used precipitation over grass is predicted to be 80-119mm or 27-34% lower as
compared to tree cover.
Figures 7-7 and 7-8 summarize the results from the forward simulations.
Figures 7-6(c) and 7-7(c) show the total precipitation for each assumed input series
(#1-#6) and constant input pair (C1-C6) for different assumed canopies. Note that
although the horizontal precipitation is equal for grasses in both graphs (Figure 7-
6(a) and Figure 7-7(a)), the total precipitation shows a clear downward trend from
series #1 to #6 and pairs C1 to C6. The reason for this is that the contribution from
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Figure 7-7: Results of the forward simulation of the off-line model for horizontal
precipitation when forced with input series (#1-#6) over different vegetation
canopies. (a) Output for turbulent deposition (vt-LWC); (b) sum of rainfall (const,
104mm, below the black line) and vertical deposition (vgLWC, above the black line),
(c) total precipitation.
gravitational settling is larger for those series. Series #1 -#3 have overall larger
LWC and rd, than series #446 for example. The same is true for input pairs.
Therefore the gravitational component of horizontal precipitation dominated water
availability over a smooth surface like grassland. For a tree cover, the turbulent
contribution to horizontal precipitation (Figures 7-6(a), 7-7(a)) is greatly increased.
Because LWC is higher in for series #1-#3 and C1-C3 than #4-#6 and C4-C6,
turbulent deposition is larger for series #1-#3 and C1-C3. However, turbulent
deposition clearly increases with decreasing droplet size. For example rd,#1>rd,#3
hence LWC-vt,#z<L WC- vt,#a. As a result, the total precipitation within the groups
(#1-#3, #4-#6, C1-C3, C4-C6) is more or less the same over trees.
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Figure 7-8: Same as Figure 7-5, but for constant input C1-C6.
7.6 Implementation in IBIS
The horizontal precipitation model was included in IBIS as an additional subroutine.
The module is run each time step (one hour) and horizontal precipitation is added to
the rain on top of the canopy.
We allowed for stemflow enhancement, similarly as in the previous simulations
and assumed finf=2.0 (Eq. 5.1) for all periods when trees were in existence, that is
when tree LAI>O. 1 (which was the case for all simulations at most time steps). We
implemented the enhancement in the present simulation by multiplying the
resulting total precipitation (rainfall plus horizontal precipitation) by a factor 1.33,
which implies finf=2.0.
The clustering factor c was calculated dynamically according to Equation 7.12
and using the canopy height that IBIS delivers and assuming a constant
characteristic cluster size of Rc=30m. Clustering was assumed to be dependent on a
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minimum tree height of hc=3.5m. For trees of lower stature the enhancement factor
was assumed to be c=1.0.
The necessary input parameters for the model are:
- cloud liquid water content (LWC),
- characteristic droplet radius (rd),
- wind speed at reference height (uz),
- turbulence parameters (friction velocity, u.) and
- vegetation parameters (a, A).
For liquid water content and droplet size we use input series #1-#6 and constant
input pairs C1-C6 derived above. The wind speed at reference level is a regular IBIS
input. The friction velocity is supplied by IBIS, which calculates it from the wind
speed and the canopy drag. The vegetation parameters are tabulated in Zhang et al.
(2001) for the Land Use Categories (LUC) of the Canadian Aerosol Module (CAM).
We translated them for IBIS PFTs and listed the values in Table 7-1.
7.7 Results from coupled modeling of
dynamical vegetation and horizontal
precipitation
In Section 7.5, we investigated the influence of vegetation cover on horizontal
precipitation. We found that according to the model the total precipitation over tall
grass cover would be reduced by 27-34% as compared to tree cover under the
expected conditions in Gogub. Is it perceivable that trees would not be able to re-
grow from grassland after deforestation, because less water is available? In other
words: Is it perceivable that the cloud-ecosystem in Dhofar has two different stable
equilibria? Those two equilibria would be (1) a grass ecosystem that receives little
horizontal precipitation, and total precipitation is not sufficient to allow for tree
growth, and (2) a tree ecosystem, where trees gain higher amounts of horizontal
precipitation and hence sufficient water is available for tree growth. The second
case implies that trees are a necessary initial condition to allow for tree growth. We
will comment at the end of this chapter how trees could have developed in this
environment in the first place.
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Figure 7-9: Development of the model until equilibrium; initial condition was
forest, the input for cloud properties was series #4. (above) annual LAI during the
simulation, (below) annual cumulated total precipitation (Ptot), annual accumulated
transpiration (trans), annual cumulated contribution from gravitational settling
(vg-LWC), annual cumulated contribution from turbulent settling (vt-LWC).
Note the indicated years on the x-axis are modeling years and do likely not reflect
the actual time scale for change of vegetation expected in a natural environment (see
discussion in Chapter 4).
In order to investigate the influence of the initial vegetation cover to the
equilibrium vegetation cover we performed model experiments with the new
horizontal precipitation module coupled to IBIS. The model experiment was
initialized once with tree cover (deciduous trees, LAI=2.0) and once with grass cover
(C3 and C4 grasses both initialized with LAI=2.0). Every experiment was repeated
for all six time series of cloud properties (#1-6). All other variables were the same.
We compared the equilibrium vegetation at the end of a 500 year long simulation,
unless otherwise indicated. The input data are the same as described in Section 5.1.
The top penal of Figures 7-9 and 7-10 shows an example of the evolution of LAI
(upper and lower canopy) for input series #4 when initialized with forest and grass
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Figure 7-10: Same as Figure 7-9, but for grassland as initial vegetation
vegetation, respectively. The lower panel give the corresponding annual
transpiration and precipitation, as well as contribution from turbulent and
gravitational settling.
The results of the model experiments are listed in Table 7-5 for input series #1-
#6 and Table 7-6 for constant input pairs C1-C6. The upper six rows show the
results of experiments with initial conditions for trees and the lower six rows show
experiments that had grassland as the initial condition. Tree height is an important
determining factor for surface roughness and therefore turbulent deposition.
Figures 7-10 and 7-11 therefore depict the model results in terms of simulated tree
height.
For all simulations that were started with tree cover, the equilibrium vegetation
favors tree dominance, except for one case (constant input pair C6) where the
equilibrium was independent of the initial condition. Tree LAI was greater than 1.4
for all forcing of cloud properties considered (except C6). Grass LAI was smaller
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Table 7-6: Results of the model experiments with IBIS and coupled horizontal
precipitation module. The top shows simulations initialized with deciduous trees,
the lower part simulations initialized with grassland. Dark shaded are initial IAIs
and white areas are annual values for the last year of the simulation (500 years for
all simulations, except for series #1-#3 when initialized with grassland). Shown are
annual LAI, tree height (he), annual accumulated total precipitation (Ptot), total
annual horizontal precipitation (Phz) and contributions from gravitational (vg L WC)
and turbulent deposition(vt -LWC). The total annual precipitation includes rainfall
(Pot=100mm) such that P,, = 1.33 -(P,1 + Ph,)
Initial last year of simulation
series LAI LAI LAI LAI he Ptot Phz vg -LWC vt -LWC
# grass trees grass trees
[-] [-] [-1 [-] [m] [mm] [mm] [mm] [mm]
#1 0.1 2.2 0.39 1.53 7.0 412 210 108 102
#2 0.1 2.2 0.41 1.52 7.8 408 208 95 113
#3 0.1 2.2 0.43 1.51 7.8 403 204 89 115
#4 0.1 2.2 0.43 1.68 8.7 408 207 91 116
#5 0.1 2.2 0.32 1.76 9.1 430 224 81 143
#6 0.1 2.2 0.22 1.82 9.3 458 246 75 171
#1 2.2 0.1 1.11 1.30 6.7 353 170 108 61
#2 2.2 0.1 1.61 1.07 5.5 320 141 95 46
#3 2.2 0.1 1.77 0.98 5.0 299 125 89 36
#4 2.2 0.1 2.55 0.60 3.1 288 117 91 26
#5 2.2 0.1 2.60 0.49 2.7 271 104 81 24
#6 2.2 0.1 2.68 0.32 2.7 257 94 75 19
than 0.6 for all corresponding simulations. The resulting total precipitation is close
to the expected 400mm, with simulations using series #1-#3 having higher values
(459-408mm) and series #4-#6 lower values (403-412mm). Precipitation is overall
smaller for the constant input (421mm-350mm). In all cases total precipitation is
proportional to the output tree height. The height of the vegetation is somewhat
above the measured height in Gogub (6.5m) with approximately 9m for series #1-#3,
7m for series #4-#6, and 8m for constant input pairs Cl-C5.
On the other hand, all simulations that were started with initial condition of
grass land were dominated by grassland at the end of the simulations, again with
one exception (series #1), where tree LAI were slightly larger than grass LAI. In
these simulations the difference between the cloud properties represented by
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Table 7-7: Same as Table 7-6, but for constant input pairs C1-C6.
Initial Last year of simulation
series LAI LAI LAI LAI hc Ptot Phz vg LWC vt -LWC
# grass trees grass trees
[-] [-] [-] [-] [m] [mm] [mm] [mm] [mm]
C1 0.1 2.2 0.43 1.53 7.9 417 215 100 115
C2 0.1 2.2 0.42 1.54 7.9 421 217 91 125
C3 0.1 2.2 0.43 1.52 7.9 412 211 82 129
C4 0.1 2.2 0.58 1.43 7.4 359 171 84 87
C5 0.1 2.2 0.60 1.42 7.3 350 164 74 90
C6 0.1 2.2 2.27 0.51 2.7 243 84 65 19
C1 2.2 0.1 1.53 1.14 5.8 334 152 100 52
C2 2.2 0.1 1.70 1.04 5.3 313 136 91 45
C3 2.2 0.1 2.02 0.79 4.1 281 112 82 30
C4 2.2 0.1 1.95 0.86 4.4 289 118 84 34
C5 2.2 0.1 2.20 0.62 3.2 258 94 74 20
C6 2.2 0.1 2.28 0.50 2.6 243 84 65 19
different input series becomes most apparent. When using series #4-#6 the
dominance of grasses above trees is considerable, with trees being of low height
(<3.10m) and with small LAI (<0.6). The resulting total precipitation is much
decreased (257-288mm) as compared to the corresponding simulations that had
resulted in tree cover. For series #1-#3 the new equilibrium has considerable tree
cover (LAI>0.97, he >5.0m), although it is lower than the corresponding simulation
that was started with tree cover itself. Owing to the taller vegetation, the resulting
total precipitation is larger (299-353mm) for series #4-#6 than for series #1-#3 (257-
288mm). The situation is similar for constant input C1-C3 and C4-C5.
For this model, we find that the system has two stable equilibria, thus the initial
condition determines the resulting equilibrium vegetation. This was true except in
one case (C6) in which the horizontal precipitation yielded from the assumed forcing
for cloud properties was not sufficient for tree growth. In general, trees will be of
lower stature and have lower LAI when they emerge from grass cover than when
they emerge from tree cover. In most of the considered cases a system that was
initialized with grassland would remain dominated by grassland with negligible tree
cover. Only in one case was the tree LAI larger than grass LAI (series #1). In every
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Figure 7-11: IBIS output for tree height at equilibrium for the different for
different time series of LWC and rd used (series #1-#6), and two different initial
conditions (grassland and forest).
case considered where the initial condition was grassland, tree LAIs were lower at
equilibrium than for the corresponding case where the initial condition was trees.
The reason for this bimodal equilibrium is the dependence of friction velocity on
the canopy structure. Because trees are taller than grass, they produce a higher
surface roughness and trees therefore gain higher total precipitation. Clearly, in
order to maintain a tall structure and large LAIs, trees need to provide a high level
of productivity. They require to transpire more than grasses, and they depend on
the additionally gained water from horizontal precipitation in order to maintain the
high level of productivity that enables them to maintain their tall structure. Thus
the observed vegetation equilibrium is based on a feedback between the canopy
height and LAI and the water that the trees are able to gain from this structure.
The system will not be in equilibrium as long as the maintenance of the stand
structure requires more or less energy than can be gained at the current
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Figure 7-12: Same as Figure 7-10, but for constant input C1-C6.
transpiration. It is important to note that this equilibrium does not only depend on
the tree structure, but also a great deal on the cloud properties. We have seen that
the equilibrium LAIs for trees emerging from grassland are considerably different
for the different input series used. While series #4-#6 show equilibrium vegetation
with negligible tree cover, series #1-#3 yield tree LAIs comparable to grass LAIs.
Series #4-#6 have smaller cloud liquid water content and cloud radii than series #1-
#3. Series #1-#3 therefore have higher contribution from gravitational settling, and
consequently higher total precipitation over total precipitation over grassland than
do series #1-#3. Therefore, enough water was available for transpiration at the
initial condition (grassland) to allow for trees to emerge.
Finally, our analysis implied that a constant fraction of water was added to the
system, as a result of stemflow concentration around the stems. We added this
fraction as soon as trees were present at all (i.e. LAItree>O. 1), which was the case for
all presented simulations at almost all time steps. Therefore, when grass cover was
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the dominant vegetation type it would benefit from increased stemflow in this
model, although this is not an effect we expect not to see in nature. On the other
hand, in the coupled model trees receive more water from horizontal precipitation
when they grow taller. Consequently, stemflow enhancement accounts for a greater
amount of water (in absolute values) when horizontal precipitation increases. By
doing so the model implies that the stemflow volume increases (proportionally with
horizontal precipitation) with tree height and LAI. Observational evidence confirms
that stemflow depends on LAI and crown size (Ford and Deans, 1978, Martinez-
Meza and Whitford, 1996, Crockford and Richardson, 2000). The relationship
implied here is simplistic, but captures a process that has been observed in nature.
Clearly, more research on trees of different sizes in Dhofar would be necessary to
better understand the relation between stemflow volume and tree structure. Note
however that the total received khareef rainfall in all scenarios where trees
dominate, is very close to the 400mm (including stemflow enhancement) that we
found from observation for the field site in Gogub (assuming finf=2).
7.8 Discussion and Conclusion
In this Chapter we adopted a horizontal precipitation model and tested what
influence the vegetation cover would have on horizontal precipitation. Since we did
not measure cloud properties in Gogub we estimated those using two different
approaches. First, we inverted the horizontal precipitation model and used
horizontal precipitation as estimated from measurements in Gogub as input. We
assumed canopy properties for Gogub and solved for cloud properties LWC and
characteristic cloud droplet radius. The time series was eventually found by
comparing all LWC and droplet radii that satisfied the horizontal precipitation
model and cloud parameterizations. Overall six time series were found for different
canopy clustering (c=1, c=1.43) and a range of cloud types (polluted, pristine,
intermediate). The resulting time series represented a range of cloud properties
with mean LWC ranging between 0.56-1.5g/cm- 3 and cloud radii ranging between 14-
221im. Second, we assumed constant cloud properties. Overall, six pairs of LWC
and droplet radius were assumed, which were fitted in such a way that the
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horizontal precipitation computed from these values was the same as the observed.
The LWC for those pairs ranged between 0.65-1.4g/cm 3 and droplet radius between
13.5-20pm.
We used this input, time series and constant input, to force a forward simulation
with the horizontal precipitation model, and found (1) depending on the time series
used, grass cover yielded 27-34% less total precipitation than the expected tree cover
in Gogub, (2) the assumed cloud properties have great influence on the role of
vegetation cover, with smaller droplet sizes and LWCs leading to smaller changes in
total precipitation when vegetation cover is changed than larger LWCs and droplet
radii. Finally we coupled the horizontal precipitation model to IBIS. We initialized
the model with different landscapes once dominated by trees and others dominated
by grassland. The different initial conditions had considerable effect on the
equilibrium vegetation. With one exception, each simulation that was initialized
with dominant tree cover yielded an equilibrium vegetation that was dominated by
trees, whereas in most of the simulations started with grassland, the equilibrium
vegetation was dominated by grassland, except for one case. The equilibrium
vegetation also depended considerably on cloud properties. For series where LWC
and droplet radii were large, the equilibrium vegetation would tend more to tree
cover than for series with smaller LWC and cloud droplets. This implies that trees
may or may not emerge from grassland, depending on the cloud properties. It is
therefore important to obtain observations on cloud properties in Dhofar in the
future.
In conclusion, it is perceivable that deforestation may at least considerably
inhibit re-emergence of trees from grassland in a water limited cloud forest like the
one encountered in Dhofar. When trees are removed, the surface roughness is
decreased and with it turbulent deposition of cloud droplets, and hence total
precipitation is decreased. Less water is available at the surface for infiltration.
Our model results suggest that the reduction in total precipitation over grassland as
compared to forest is theoretically sufficient to inhibit natural re-emergence of trees.
These results indicate that reforestation efforts may need to be accompanied by
irrigation to facilitate tree establishment. Once a canopy has formed and roughness
of the surface has increased trees will be able to provide sufficient amount of water
to sustain themselves.
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It is important to note that plantations would usually create smaller roughness
lengths than a closed canopy forest, and should therefore receive less horizontal
precipitation from aloft. On the other hand, the spacing between trees may be large
enough to allow for sufficient flow from the side into the tree canopy. That is, each
tree would create its own edge effect, which in turn leads to enhanced horizontal
precipitation. Experimental research in existing reforestation projects may be
helpful to understand in more detail how much water a plantation in Dhofar
receives under natural conditions, and hence how much irrigation is needed.
In the light of the presented results, the question may be asked, how trees get
naturally established in Dhofar. The answer to this question may lie in local or
temporary variability of rainfall and cloud properties. Trees may be able to emerge
naturally in areas with high rainfall and cloud abundance than we found in Gogub.
As mentioned above, trees in Gogub reproduce not by saplings, but by outcropping
stems from older trees. Starting from those clusters trees would therefore be able to
invade areas with lower rainfall and survive once they provide sufficient roughness
to gather horizontal precipitation.
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Chapter 8
Summary, Conclusion and
Future Work
In this work we investigate the ecohydrology of a semiarid cloud forest in Dhofar.
From observation and modeling of the forest hydrology, we describe the niche in
which the forest naturally thrives, and how the hydrology depends on environmental
conditions, like cloud immersion, available soil depth and tree removal. This
research serves to understand the current hydrological conditions in Dhofar, to
estimate what influence forest degradation might have on the system and to pave
the way for educated decision making on reforestation efforts.
The thesis is divided into two parts. Part I was concerned with the setup and
results from a field experiment conducted in a forest patch in Dhofar. Part II was
dedicated to modeling of the conditions at the field site under varying environmental
conditions.
8.1 Hydrology of a Seasonal Cloud Forest
In order to understand the hydrology of a forest in place we investigate the
hydrology of an intact forest patch with typical vegetation within the Dhofar
Mountains.
In Chapter 2, we explain the experimental setup, data collection and data
analysis. The setup is aimed at allowing for the qualitative description of seasonal
pattern of water fluxes in and out of the forest. To estimate the total available
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water, we measure time series for rainfall, throughfall, stemflow and surface runoff.
To estimate the atmospheric water demand and patterns of cloudiness we measure
meteorological data including incoming shortwave radiation. The change in
transpiration flux is observed through sap flow. Finally soil moisture is estimated
as a value normalized over the observed range. The time series cover almost two
complete growing seasons.
In Chapter 3, we investigate the results from the field experiment. We describe
the environmental conditions that enable the forest to survive, although it receives a
particularly small amount of precipitation. We identify multiple mechanisms by
which in this system much water is made available to transpiration; most of those
processes are related to the intensive cloud immersion in summer. Based on the
definition of cloud forests as ecosystems that "depend on regular cloud immersion"
we argue that the forests in Dhofar are cloud forests. To our knowledge this is the
first time that a seasonal forest is identified as cloud forest. We therefore put
particular effort in showing that cloud cover is the important aspect in defining the
niche for existence of forest in Dhofar.
According to our observation the growing season can partitioned into three
distinct phases, according to plant transpiration. In the first two phases
transpiration is controlled by atmospheric water demand, in the third phase by soil
moisture. In the first phase transpiration is nearly zero. Transpiration peaks in the
second phase and decreases in the third one. The first phase of the growing season
starts at the beginning of the khareef and lasts until the end of the monsoon. During
the khareef the soil storage is filled and transpiration is suppressed because of low
atmospheric water demand. Once the clouds recede after the khareef is over, phase
two starts, the atmospheric water demand increases, transpiration increases
proportionally and responds readily to temporary changes in atmospheric water
demand. Soil storage is emptied continuously during this time. The third phase
starts towards the end of the growing season and finishes with complete leaf shed of
the trees. This phase is marked by a decoupling between atmospheric water
demand and transpiration, as transpiration is inhibited by low soil moisture.
The site received additional rainfall from a strong cyclone and from low intensity
winter precipitation. However, soil moisture was only affected in shallow layers,
and the importance of those events for forest survival is therefore likely negligible.
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The cloud cover plays a crucial role for the survival of the forest. Total area
averaged precipitation below the canopy is about three times as high as measured
rainfall above the canopy, yielding a total estimate 246-300mm precipitation in
2004. Thus, the vegetation captured from the clouds a great deal of additional water.
Nevertheless, the site receives much less water than doomed necessary for forest
survival. The required amount of water to allow for forest growth according to
climate charts is 1200mm, thus we confirm that the systems survives on much less
water than conventionally assumed necessary. Other mechanisms, but horizontal
precipitation are at work to provide for the ecological niche that the forest thrives in
most of which are tight to cloud immersion. We identified some of these
mechanisms. First, stemflow is particularly high in this forest as compared to other
ecosystems. Besides tree structure, the continuous moistening of the canopy from
cloud immersion may have greatly contributed to the high stemflow amounts
observed. Stemflow provides for a concentrated water input around the stem and
leads likely to higher soil storage in proximity of the stem. Second, low rainfall
intensities during the khareef allow for infiltration of all water from precipitation,
such that surface runoff becomes zero. Third, the persistent cloud cover during the
khareef suppresses transpiration, thus allowing for continuous filling of the soil
storage. This water is used only after the end of the wet season for transpiration.
Therefore, facilitated by the soil storage, the cloud cover provides for a prolonged
growing season, allowing for trees to assimilate Carbon long after the end of the end
of the khareef.
8.2 Modeling Study
The modeling study served to understand the sensitivity of the ecosystem to changes
in environmental conditions.
8.2.1 Role of the Radiative Properties of Clouds for Tree
Survival
In Chapter 5, we used IBIS to model the vegetation and hydrology of the forest patch
in Gogub by forcing the model with meteorological data collected on the field site.
195 -
The model was able to simulate the vegetation cover found in Gogub (deciduous
broadleaf), when the model was forced with total khareef precipitation above
400mm. This model experiment confirmed that IBIS was able to reproduce the
conditions in Gogub well, even given the much lower precipitation forcing than
assumed necessary for forest survival according the climate charts. The model also
reproduced the main pattern of the hydrological budget and plant development
during the growing season. Leafs appear at the beginning of the khareef and are
shed at the end of the year. Transpiration and soil evaporation are suppressed
during the khareef, and the soil storage is filled at this time. After the end of the
khareef transpiration peaks and decreases afterwards until leafs are completely
shed at the end of the year.
In a second model experiment IBIS was forced with the same meteorological
input, except for the cloud cover, which was assumed to 0% during the whole year.
The equilibrium vegetation for this experiment was dominated by grassland. As
compared to the scenario with cloudy monsoon, transpiration peaked during the
khareef, the soil storage was filled and emptied at the same time, and less water was
in storage, especially in the deep layers. More water was lost to direct soil
evaporation overall, and the growing season was three month shorter.
Our modeling results confirm that besides providing for beneficial climate
conditions, such as high relative humidity, and low temperatures to keep
evapotranspiration low, the cloud cover has positive influence on the energy budget.
With continuous cloud cover present, available energy for evapotranspiration during
the khareef is substantially decreased. As a result, water is efficiently infiltrated to
deep layers and exclusively available for tree transpiration after the end of the
khareef. If cloud cover was not presents and more energy available, trees would not
be able to survive on the same precipitation.
8.2.2 Role of Soil Depth for Tree Survival
In Chapter 5, we investigate the dependence of tree performance on rooting depth
with a modeling sensitivity study. For this, we simplified the parameterization of
root water uptake (in Chapter 2) such that trees are able to make use of all the
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water within a given soil depth. Grass water uptake is restricted to shallow soil
layers (1m).
The sensitivity study showed that for both cases, free drainage and no drainage
boundary condition, tree performance is maximized at a depth at which other losses
but transpiration are minimized. When applying the IBIS to the case of Gogub and
assuming a free drainage boundary condition, we find that tree performance is
maximized at the shallowest point in depth at which roots are able to capture all
infiltrating water and drainage is zero. This point is at different depth according to
the assumed soil type. Coarser soils allow for faster infiltration, and the rooting
depth at which drainage becomes zero is consequently located deeper in coarse soils
than in finer textured ones. When assuming no drainage boundary conditions for
the same climate maximum tree performance is simulated when the soil is deep
enough to allow for infiltration of all precipitating water, and surface runoff becomes
zero.
The efficient rooting depth depends also on the climate. When we decrease
fractional cloud cover from 100% to 50% during the khareef the efficient rooting
depth is moved upward for the free drainage case.
We conclude that assumed rooting depth plays an important role for modeled
tree transpiration and performance. Efficient rooting depth depends on factors,
which have an influence on infiltration depth; this is on the physical environment
(soil type, lower boundary) as well as on the climate (evaporative demand).
For the conditions in Gogub, efficient rooting depths were simulated estimated to
be greater than two meters, even for very fine textures soils. Sapling development
could therefore be substantially hindered, since saplings have shallow roots, and are
not able to make use of deep storage in Dhofar.
8.2.3 Horizontal Precipitation Feedback
In Chapter 7, we investigate the feedback between horizontal precipitation and the
vegetation cover. Horizontal precipitation depends on roughness of the surface, and
therefore on vegetation type, height and LAI. When a plant grows taller it receives
in return more water from horizontal precipitation. An equilibrium will be reached
when a plant has a structure that is just tall enough to yield the horizontal
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precipitation necessary to maintain this structure. We investigate, if the difference
between water yield over grassland and forest is large enough to inhibit re-
emergence of trees from degraded land.
We first adopt a horizontal precipitation model and show in offline mode that
total precipitation is substantially reduced over grass cover as compared to tree
cover.
Second, we couple the horizontal precipitation model to IBIS and force it with
rainfall and derived cloud properties. The model is run twice for the same forcing,
once with initial condition for deciduous forest and once for grassland. The model
results suggest that the equilibrium vegetation depends on the initial condition. In
each case when the model is started with forest, the equilibrium vegetation is for
forest, in cases, when the model is started with grassland the equilibrium vegetation
is for grassland, except for one case. In each case when grassland was the initial
condition tree LAIs of the resulting equilibrium vegetation were lower than for the
corresponding case that was started with forest. The strength of the feedback
depends also on the assumed cloud properties, with smaller cloud droplets and
higher LWC leading to a stronger feedback than larger droplets and lower LWC.
The model results suggest that forest reemergence from degraded grassland may
be substantially inhibited, where the severity of the inhibition depends on the cloud
properties.
8.3 Recommendations for Forest
Management
Our results suggest that trees are able to provide enhanced precipitation for
themselves in multiple ways. We identified stemflow as one of the factors that lead
to locally higher infiltration and soil moisture. Obviously, stemflow depends strictly
on the existence of trees in the first place. It is likely that saplings with smaller
crowns and lower stature would have smaller stemflow amounts, and therefore
access to less water. We also concluded that deeper rooting depth enable trees to
make efficient use of the soil storage, which is filled during the khareef. Therefore,
in order to benefit from deep soil storage, trees need to have deep roots in the first
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place, which is not the case for saplings. Saplings have shallow roots and their
Carbon assimilation would be restricted by limited accessible soil storage. Finally,
simulations with IBIS and a coupled horizontal precipitation model suggest that for
example grassland, because of its low roughness, does not provide for high enough
total precipitation to allow for tree growth. Since a new tree plantation has also
small surface roughness, reforestation efforts may be hardened by insufficient
precipitation yield from a plantation.
For reforestation efforts it may be useful to first focus on investigation of the
remaining tree vegetation in the Dhofar Mountains. Since measurements of soil
depth, horizontal precipitation, cloud properties etc. are expensive in work and time,
observation of existing anogeissus dhofarica clusters may give important clues on
the expected climatic situation. In our field site outcroppings were the prevalent
mode of reproduction, most likely, because under the present conditions it was most
efficient. Young plants could make use of additional water provided under the
canopy of older trees from horizontal precipitation, and they could grow roots deep
enough until they would be able to survive independently. Under these conditions a
good practice for reforestation may be to widely fence still existing clusters, and thus
promote natural reinvasion of trees into the cleared land. Anogeissus dhofarica has
also been found to reproduce from saplings in other locations (personal conversation
... , 2004). If saplings are found to naturally survive, they may be an indicator for a
location, where reforestation with saplings would likely lead to good results.
Wherever reforestation efforts are undertaken, it is important to be aware of the
role of both stemflow and surface roughness for increased plant available water. It
may be useful to attempt to capture additional water with artificial devices
(Schemenauer etc) and channel this water directly to the stems of the planted trees.
Such a mechanism would artificially increase both horizontal precipitation and
infiltration near the stem, without need of additional irrigation water. Also, it may
be useful to monitor precipitation above and below the canopy in plantations, cloud
occurrence, as well as soil moisture. Data from different plantations, combined with
data on tree performance within the plantation will give important information
about the dependence of plants to the environment.
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8.4 Future Work
8.4.1 Modeling
Our results indicate that assumptions of root distribution and rooting depths play a
crucial role for modeling transpiration and plant performance in a given
environment. In most models that are currently used root distribution is considered
proportional to water uptake profiles and both are considered properties of a plant.
We showed that plant efficient rooting depths vary as a result of changing
environment, such as soil types and climate. Therefore, we argue that root water
uptake is not only a property of the plant and but depends also on the environment.
As opposed to the presently accepted static approach, water uptake profiles need to
be modeled in a dynamic fashion and adapt to environmental conditions. More
observational research is required to understand what influences water uptake
profiles of plants in nature. Additionally, modeling and observational research is
necessary to understand the dependence of water uptake profiles on other variables
besides water, particularly nutrient profiles within the soil. Once such information
becomes available it will be possible to model transpiration in a significantly
improved fashion.
Our results for the change of horizontal precipitation as a function of vegetation
type assumed an idealized tree canopy, flat terrain, and constant cloud properties in
space. In Dhofar and in most other cloud forests, where horizontal precipitation
plays a role, trees grow on mountain slopes. Cloud properties and roughness of a
certain location change as a function of the terrain. For example droplet formation
in orographic clouds is ongoing as long as air parcels move upward on a mountain
slope, but would cease as long as clouds move over an intermediate plane. The
liquid water content and droplet size abundant within an air parcel depends
therefore on the location. Moreover, turbulence is strongly influenced by terrain,
and since horizontal precipitation is a process based on turbulent flux, it would
equally change with location along a slope. More research is needed to understand
the complex relation between turbulence and abundance of water droplets within
complex terrain. Large Eddy Simulation may help to elucidate this issue in the
future.
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8.4.2 Future Work in Dhofar
We have suggested from model results that the feedback between vegetation and
horizontal precipitation is strong enough to inhibit tree reemergence from degraded
land. Measurement campaigns in Dhofar are necessary to confirm these results.
We recommend studying the amount of water available to plants in different
location by installing soil moisture measurements together with each precipitation
measurement. Such a setup will provide information on how much incident water is
available in soil storage at the end of the monsoon in locations with different cloud
and vegetation cover. Moreover, we recommend studying horizontal precipitation on
the natural vegetation, including the natural grass cover (on the ground as opposed
to elevated gauges covered with grass cover as currently used). Additionally a
(standardized) measurement providing for information on incident cloud cover is
necessary (based on visibility or standard cloud collectors). Such stations could first
be implemented by enhancing the measurements collected at current precipitation
measurement stations, and later be expanded to regions with different vegetation.
More work is needed to understand the local distribution of environmental
conditions within the Dhofar Mountains. Maps of previous land cover as compared
to current degraded land cover should be developed. They will give important clues
on potential plant distribution and the resilience of the ecosystem in different
locations. Observations from remaining tree clusters, especially on tree
reproduction will give information on potentially successful reforestation strategies.
Furthermore, detailed information on the distribution of cloud cover, cloud
properties and precipitation in Dhofar are needed. Our research suggests that
depending on cloud properties reemergence of trees may be inhibited to a different
degree. If more information on the actual cloud properties in Dhofar becomes
available, it will be possible to better predict the success of attempted reforestation
efforts.
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